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Research  Objectives: 

In  this  fundamental  research  program,  die  focus  was  to  develop  an  understanding  of 
the  physics  of  actively-controlled  material  systems,  especially  the  power  consumption  and 
energy  transfer  mechanisms.  The  newly-developed  impedance  approach,  which  has  a 
great  advantage  over  conventional  approaches,  such  as  the  quasi-static  and  equivalent 
thermal-force  approaches,  was  furtha-  developed  with  particular  attention  to  structures  with 
impedance  characteristics  similar  to  aircraft  structures. 


Major  Technical  Achievements: 

Impedance  methodology  for  active  control  systems 

The  impedance  methodology  was  further  refined  and  extended  to  plate  and  shell 
stmctures.  As  for  the  beam  model  previously  developed,  an  impedance-based  model  to 
predict  the  dynamic  responses  of  plates  and  shells  subjected  to  excitation  from  surface- 
bonded  induced-strain  actuators  was  developed.  For  the  case  of  plate  stmctures,  only  the 
common  pure  bending  loading  was  modeled.  For  the  case  of  shell  stmctures,  the  pure 
bending,  pure  extension,  and  unsymmetrical  loading  was  modeled  using  the  shell 
governing  equations.  The  plate  and  shell  models  were  verified  experimentally. 

Technical  details  of  the  work  described  above  can  be  found  in  the  attached  papers, 
entitled,  “An  Impedance-Based  System  Modeling  Approach  for  Induced-Strain  Actuator- 
Driven  Stmctures,”  and  “Impedance-Based  Modeling  of  Actuators  Bonded  to  Shell 
Stmctures.” 

Power  consumption  and  energy  tranter  mechanisms 

A  coupled  electro-mechanical  system  model  for  beam  and  plate  stmctures  was 
developed  to  determine  the  power  consumption  and  actuator  energy  conversion  efficiency. 
The  model  has  been  used  to  predict  the  power  factor,  the  power  dissipation,  and  the  power 
requirement  of  the  system.  The  model  has  been  verified  experimentally.  This  modeling 
approach  has  been  helpful  for  understanding  the  power  flow  in  active  stmctures  and  can 
assist  in  the  design  of  energy  efficient  actuators  and  associated  control  systems. 

Technical  details  of  the  work  described  above  can  be  found  in  the  attached  paper, 
entitled,  “Power  Flow  and  Consumption  in  Piezoelectrically- Actuated  Stmctures.” 

Influence  of  actuator  parameters  on  the  energy  efficiency 

The  actuator  power  factor,  defined  as  the  ratio  of  the  total  dissipative  mechanical  power 
of  a  PZT  actuator  to  the  supplied  electrical  power  to  the  PZT  actuator,  was  used  to  optimize 
the  actuator  location  and  configuration  on  a  complex  stmcture.  A  comparison  between 
experimental  and  theoretical  power  factor  results  was  used  to  analyze  the  capabilities  and 
limitations  of  the  actuator  power  factor  algorithm  as  a  tool  for  determining  the  optimal 
configuration  and  location  for  a  PZT  actuator  for  simple,  as  well  as  complex,  stmctural 
vibration  control  applications. 

Technical  details  of  the  work  described  above  can  be  found  in  the  attached  papers, 
entitled,  “Experimental  Determination  of  Optimal  Actuator  Locations  on  Complex 
Stmctures  Based  on  the  Actuator  Power  Factor,”  and  “Experimental  Verification  of 
Optimal  Location  and  Configuration  Based  on  the  Power  Factor.” 


Thermal  dissipation  and  thermal  stress  of  induced  strain  actuators 

A  simple  analytical  approach  to  estimating  temperature  increase  and  thermal  stress  in 
PZT  patch  actuators  due  to  dynamic  excitation  was  developed.  Case  studies  have 
demonstrated  that  when  the  PZT  actuators  operate  at  system  resonance,  or  with  a  relatively 
high  electrical  field,  the  heat  generation  and  temperature  rise  of  the  PZT  is  significant  and 
may  cause  thermal  degradation,  even  damaging  the  PZT  elements. 

Technical  details  of  the  work  described  above  can  be  found  in  the  attached  paper, 
entitled,  “Heat  Generation,  TempCTature,  and  Thermal  Stress  of  Structurally-Integrated 
Piezo-Actuators.” 

Integration  and  design  of  piezoelectric  actuators 

The  design  of  induced-strain  actuators  is  a  comprehensive  issue,  involving  not  only  the 
materials  and  geometry  of  the  actuators,  but  also  the  behaviors  of  the  coupled  host 
structures.  In  particular,  the  design  of  the  actuators  is  essentially  related  to  the  prediction  of 
induced  strain  or  stress  in  the  actuators.  A  high  stress  level  in  the  actuators  is  useful  to 
excite  the  host  structure  but  can  lead  to  degradation  or  fatigue  of  the  actuators.  Thus,  to 
include  this  design  issue,  the  mechanical  peak  stress  was  added  to  the  other  issues 
previously  addressed  (energy  efficiency,  power  requirements,  and  thermal  stresses)  in  the 
dynamic  modeling. 

Technical  details  of  the  work  described  above  can  be  found  in  the  attached  paper, 
entitled,  “Integration  and  Design  of  Piezoceramic  Elements  in  Intelligent  Structures.” 

Analysis  of  other  types  of  actuators 

The  impedance-based  approach  was  extended  to  other  types  of  actuators,  showing  that 
it  can  be  applied  to  various  actuators.  First,  the  dynamic  transduction  characterization  of 
magnetostrictive  actuators  was  made,  including  the  mechanical  dynamics  and  the  electro¬ 
magneto-mechanical  interaction  of  the  actuator.  Second,  the  impedance  approach  was 
applied  to  dynamic  modeling  of  piezoelectric  stack  actuators.  The  electro-dynamic 
behavior  of  the  stack  was  first  modeled  in  a  fiee  configuration  and  then  integrated  into  a 
complex  structure. 

Technical  details  of  the  work  described  above  can  be  found  in  the  attached  papers, 
entitled,  “Dynamic  Transduction  Characterization  of  Magnetostrictive  Actuators,” 
“Electro-Dynamic  Transduction  Equations  for  Piezoelectric  Stack  Actuators,”  and 
“Dynamic  Output  and  Structural  Response  Prediction  for  Stack  Active  Members 
Integrated  in  Complex  Structures.” 


Impedance  methodology  for  active  control  systems 
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A  dynamic  model  of  piezoelectric  actuator-driven  thin  plates 
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ABSTRACT 

This  paper  presents  the  theoretical  development  and  the  experimental  verification  of  a  dynamic  model  of  distributed 
piezoelectric  (PZT)  actuators  locally  coupled  with  two-dimensional  structures.  The  model  includes  the  dynamic  interaction 
between  PZT  actuators  and  their  host  structures.  An  analytical  solution  of  the  moment  (or  force)  ouQ)uts  of  the  PZT  patch 
actuators  has  been  developed  based  upon  the  input  impedance  of  the  piezoelectric  actuator  and  the  mechanical  impedance  of 
host  structures.  A  simply-supported  thin  plate  with  surface-bonded  PZT  patches  was  built  and  tested  so  that  the  ability  of  the 
impedance  approach  to  predict  the  dynamic  performance  of  the  actuator  and  intelligent  structures  has  been  verified.  When 
compared  with  conventional  static  models  or  quasi-static  models,  the  impedance  modeling  method  offers  insight  into  the 
dynamics  and  electro-mechanical  coupling  of  the  integrated  PZT/substrate  systems  and  more  accurately  predicts  the  actuation 
of  induced  strain  actuators. 


1.  INTRODUCTION 

Recent  research  efforts  have  focused  on  the  use  of  piezoelectric  materials  (PZT)  as  actuators  and  sensors  in  intelligent] 
structures  to  tune  the  response  of  the  structures  since  the  compact  PZT  actuator  and  sensor  allows  a  more  flexible  design  ofi 
control  systems.  A  mathematic  description  of  a  PZT/substrate  adaptive  system  is  desirable  and  beneficial  for  performanccl 
prediction  and  parametric  optimization  of  the  actuator^d  sensor.  In  the  modeling  of  these  distributed  piezoelectric  actuatof^ 
locally  coupled  with  two-dimensional  structures,  static  strain  or  stress-based  analytical  approaches  have  been  used  to  esti 
the  induced  loading  (Dimitriadis  et  al.,  1989;  Wang  et  al.,  1990;  Crawley  et  al.,  1991;  Kim  et  al.,  1991).  It  is  typically  assum^ 
in  the  static  models  that  the  piezoelectric  actuators  do  riot  significantly  alter  the  inertia  mass  and  the  stiffness  of  the  1 
structures.  The  dynamic  interaction  between  PZT  actuators  and  the  structures  is  thus  ignored.  The  static  analysis  usually  leac 
to  the  conclusion  that  the  amplitude  of  the  excitation  force  of  the  PZT  actuator  is  frequency  independent, 

A  more  realistic  and  accurate  model  of  an  adaptive  structure  must  include  the  dynamic  interaction  between  acUiaiors  i 
host  structures.  When  a  control  voltage  is  applied  to  the  PZT  patch  along  the  polarization  direction,  the  dynamic  strain^ 
induced  on  the  host  structure.  The  active  force  is  then  generated  as  a  result  of  the  mechanical  interaction  between  the  acu 
and  host  structure.  The  dynamic  mass  loading  and  stiffening  effect  of  the  PZT  patch  should  be  considered.  This  adU 
dynamic  effect  plays  an  important  role  in  the  actuation  on  the  host  structure  and  may  significantly  change  the  mech^ 
resonant  frequencies  of  the  original  system.  Therefore,  a  dynamic  model  which  relates  the  actuator  dynamics  to  thc^ 
structure  dynamics  is  desired.  Liang  et  al.  (1993a)  suggested  an  impedance  model  and  derived  the  formulation  of  ^ 
output  of  a  piezoelectric  actuator-driven  one-degree-of-freedom  spring-mass-damping  system.  Then,  the  impedance  mo^ 
approach  is  expanded  to  one-dimensional  structures,  such  as  beams  (Liang  et  al.,  1993b)  and  circular  rings  (Rossi  et  al., 

For  generic  two-dimensional  structures,  the  mechanical  impedance  coupling  in  different  coordinate  directions  should  be 
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1  the  <3 OSS  impedance  of  the  host  structures  has  an  impact  on  the  actuator  dynamics.  Therefore,  a  coupled  mechanical 
-^  nce  model  for  generic  two-dimensional  smart  structures  is  required.  Such  a  coupled  impedance  analysis  applicable  to 
I  cylindric  structures  was  performed  by  Zhou  et  al.  (1993). 

This  paper  will  further  expand  the  impedance  modeling  method  to  piezoelectric  actuator-driven  two-dimensional  su  jctures. 
Rist,  a  generic  impedance  analysis  wiU  be  developed  to  obtain  the  dynamic  outputs  of  the  PZT  actuator  based  upon  die  input 
pBipedance  of  the  PZT  patch  and  the  mechanical  impedance  of  the  host  structure.  Then,  an  analytical  solution  for  the 
admittance  and  impedance  of  a  simply-supported  thin  plate  excited  by  a  pair  of  moments  will  be  derived.  Furthermore,  a 
%T>ration  excitation  experiment  is  conducted  on  the  plate  to  verify  the  theoretical  model.  The  comparison  of  the  conventional 
|mtic  ^proach  and  the  impedance  method  is  also  performed  to  demonstrate  the  significant  difference  between  these  two  types 
|(^modelmg  approaches.  It  should  be  noted  that  the  current  work  is  focusing  on  the  prediction  of  the  dynamic  output  behavior 
|df  the  PZT  actuator  using  a  structural  impedance  analysis.  To  estimate  die  power  consumption  and  energy  efficiency  of  the 
i  PZT  actuator-driven  intelligent  structures,  a  coupled  electro-mechanical  impedance  model  is  needed  to  include  the  electrical 
properties  of  the  PZT  actuator.  Such  a  coupled  electro-mechanical  impedance  model  for  two-dimensional  adaptb  e  structures 
has  been  developed  and  the  results  will  be  published  elsewhere  (Zhou  et  al.,  1994). 

2.  A  DYNAMIC  MODEL  FOR  PZT  ACTUATORS  INTEGRATED  WITH  2-D  STRUCTURE.^ 

Figure  1  illustrates  the  equivalent  dynamic  model  of  a  PZT  actuator-driven  two-dimensional  structure.  The  dynamic 
performances  of  the  host  structure  in  the  x  and  y  directions  is  represented  by  the  direct  impedance  Z„  and  ^  as  well  as  the 
cross  impedance  and  Z^,  respectively. 


Z  XX ,  Z  yy  —  direct  impedance  of  a  two-dimensional  structure 
Z  xy ,  Z  yx  —  cross  impedance  of  a  two-dimensional  structure 


Fiijure  1 :  A  model  of  dynamic  interaction  between  a  PZT  patch  actuator  and  a  two-dimensional  structure  represented 
by  mechanical  impedance. 


When  a  voltage  is  applied  to  the  PZT  patch  along  the  polarization  direction  (3),  the  dynamic  displacement  is  induced  in 
both  the  X  (u)  and  y  (v)  directions.  The  active  force  provided  by  the  PZT  actuator,  F,  and  Fy  may,  be  expressed  by: 


where  the  minus  sign  indicates  that  the  structurai  reactions  are  equal  and  opposite  to  the  ouq)ut  forces  of  the  FZT  actuatqj 
U  and  V  are  the  in-plane  velocity  response  of  the  PZT  actuator.  The  equation  of  motion  of  the  PZT  actuator  may  be  descri 

in  which  the  subscript  p  refers  to  the  parameters  of  the  PZT  patch  and  the  subscript  11  (22)  indicates  the  direction  of^ 
piezoelectric  material,  p  is  the  mass  density  and  iF  is  the  complex  Young’s  modulus  at  a  constant  field: 

Y^^Y(Ujr\)  ,  S 

where  t|  is  the  structural  loss  factor,  j  is  the  complex  number,  and  T  is  the  real  Young’s  modulus.  The  displacehient  resp^ 
of  the  PZT  actuator  is  written  as: 

H=[Asin(A:p,pc)+ficos(/:j,^4:)]e^ 
v=[Csin(*:^2jy)+£)cos(^^^y)]e^  , 

where  A,  B,  C  and  D  are  unknowns  and  can  be  determined  by  the  boundary  conditions.  Considering  the  isotropy  of 
material  gives  the  wave  number, 

ic  ^  ®  jt  —  Cl) 

^pll  ^p22  -pr  ’ 

where  co  is  the  input  angular  frequency.  Applying  ff»e  displacement  boundary  condition,  u^=0  and  Vy^-0  to  Eq.  (4) 
B=£)=0.  The  displacement  response  of  the  PZT  actuator  is  reduced  to: 

u=  A  sin(k^) 

v=  C  sin(il:p») 

The  unknowns  A  and  C  may  be  evaluated  from  the  constitutive  equation  of  the  PZT  patch  at  x=ap  and  y=bp,  as  show^^ffl 
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where  is  the  dynamic  strain,  a^,  b^,,  and  are  the  length,  the  width,  and  the  thickness  of  the  PZT  patch,  resp<^ 
and  dj2  are  the  piezoelectric  constants  of  the  PZT  material  in  the  1  and  2  directions.  E^VItp  is  the  electric  fieldj)ai 
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applied  voltage.  Note  that  the  Poisson’s  ratio  of  the  PZT  material,  is  introduced  so  that  the  mechanical  coupling  of  the  in¬ 
plane  motions  in  the  x  and  y  directions  of  the  PZT  actuator  can  be  included  in  the  modeling.  Substituting  Eqs.  (1)  and  (6)  into 
Eq.  (7)  and  taking  the  algebraic  operation  to  rearrange  A  and  C  yields: 


k^cos(]c^a){\  Vo® 

vos(v;(iA-v,^)  Vo® 


z  z 

pyy  pyy 


(  \ 


fj  \ 


¥  . 


(8) 


I  where  o.=aJ{b^  is  the  ratio  of  the  length  to  the  width  of  the  PZT  patch.  and  are  the  short-circuit  input  impedance  of 


the  PZT  actuator  in  the  x  and  y  directions,  defined  as: 


ft  ■'  ©  tan(Vp) 
^  Vo 

7  _  >  -  -.1*  W  P  P 


(9a) 

(9b) 


V  ©  tan(Vp) 

with  the  static  extension  stiffness  of  the  PZT  actuator  in  the  x  and  y  directions,  and  K„-. 


(10a) 


(10b) 


Solving  for  A  and  C  from  Eq.  (8),  the  dynamic  force  output  of  the  PZT  actuator  is  determined  from  Eq.  (1)  with  the  substitution 
of  the  velocity  response: 


F. 


|e^=  -j© 


z„  z„ 

XX 

7  7 

\^yx  ^yyj\^ 


/«sin(VP 

Csin(Vp) 


(11) 


Accordingly,  the  amplitude  of  the  line  moments  per  unit  length  created  by  a  pair  of  the  PZT  xtuators,  (in  Nm/m),  can 
be  obtained  by: 
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=(/.-r;i. 


=-;© 


Vp 


£2_Z 

P  XX  p  *7 

bZ  bZ 

yp  yx  P  yy  j 


'Asin(Vp) 

Csin(VP 


(12) 


where  A  is  the  thickness  of  the  host  structure.  The  distributed  line  moments  are  thus  expressed  by: 

Af,=  M,i8(x-V-8(x-x^][/i(y-y,)-h(y-y^]e^ 

M,=  A7,[6(y-y.)-5(y-yj)](A(x-x,)-/>(x-x^]e>“  , 

where  8fx)  and  5(y)  are  the  Direc  delta  functions.  h(x)  and  h(y)  are  the  Heaviside  functions,  x,,  Xj,  y,  and  yj  are  the  location 
coordinates  of  the  edge  of  PZT  patches  on  the  plate,  as  illustrated  in  Fig.  2.  Notice  that  the  coefficients  A  and  C  as  well  as 
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the  mechanical  impedance  of  the  host  structure  in  Eq.  (12)  are  functions  of  ficquency.  Therefore,  the  moment  outputs  of  I 
actuator  must  be  frequency  dependent. 

Thus  far,  the  dynamic  forces  and  moments  of  the  PZT  actuator  have  been  obtained  based  upon  tf»e  inp 
characteristics  of  the  PZT  itself  and  the  host  structure.  This  dynamic  model  is  also  called  the  impedance  model.  The  in 
impedance  of  the  PZT  actuator  is  given  by  Eq.  (9).  The  mechanical  impedance  of  the  host  structure  depends  on  die  loca^ 
of  the  actuation  and  the  geometric  configuration,  the  physical  and  material  properties,  and  the  boundary  condition  of  | 
structure.  As  a  numerical  example,  the  next  section  will  address  how  to  calculate  the  admittance  of  a  simply-supported  ^ 
plate  actuated  by  the  line  moments.  For  complex  structures,  the  structural  impedance  can  be  determined  from  m 
experiments  or  finite  element  analysis. 


3.  ADMITTANCE  ANALYSIS  OF  A  THIN  PLATE  ACTUATED  BY  LINE  MOMEm 


A  geometric  representation  of  a  simply-supported  thin  plate  with  a  pair  of  PZT  actuators  Ls  shown  in  Fig.  2.  TheJ 
patches  are  assumed  to  be  perfectly  bonded  on  the  top  and  bottom  surfaces  of  the  plate.  When  the  PZT  actuators  aie  ac 
out-of-phase,  a  pure  bending  moment  excitation  is  created  at  the  edges  of  the  PZT  patches. 


front  View 


PZT  patch 


a=12“,  b=  8",  h=0.06",  tp=0.0075" 
x,=2-.x2=4:y^=r.y2=r 


Figure  2:  A  geometric  configuration  of  a  simply-supported  (ss)  thm  plate  with  surface-bonded  PZT 


Under  the  actuation  of  M,  and  My,  the  total  angular  velocity  response  of  the  plate  at  the  edge  of  the  PZT  patc| 
written  as: 


l)Ql  ..iX  liUi" 
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I  <14l» 

|where  //„  and  //„  are  the  direct  moment  admittances  of  the  plate.  and  are  the  cross  moment  admittances  of  the  plate 
and  indicate  mechanical  impedance  coupling  of  the  host  structure  in  the  x  and  y  directions.  The  moment  admittarxe  here  is 
defined  as: 


(J)c-x,y)  .  (15) 

Using  the  relation  of  the  force  and  the  moment,  M^yj=(h+ti)F as  well  as  the  geometric  relation  of  M('v)=('/i+y  •Vp^y2,  as 
illustrated  in  Fig.  3,  Eq.  (14)  is  rewritten  in  terms  of  the  force  admittance  matrix: 


G  Q  Y' 

^70c  ^yx 

Q  Q 

>^xy  >^yy) 


The  coefficient  2f(hi‘tpf  in  Eq.  (16)  is  developed  for  transformation  of  the  moment  admittance  to  the  in-plane  force  admittance. 
The  corresponding  force  impedance  matrix  is  thus  determined  by: 


Z  Z 

XX  xy 

Z  Z 

yx  yy 


Qy. 

Qry  Qyy 


Under  the  actuation  of  distributed  moments  normal 
to  the  surface  of  the  plate,  the  governing  equation  for 
the  forced  transverse  motion  of  the  plate  may  be  written 
based  upon  Love’s  theory  and  Hamilton  principle 
(Soedel,  1981): 


jL(H0-pfa9' 


V  9r  dy 


where  w  is  the  transverse  displacement  response  of  the 
plate.  L(w)  is  the  Love  operator,  which  can  be  evaluat¬ 
ed  from  the  eigenvalue  analysis: 


PiZT  patch 


I(w)=  ~pA(o^w  , 


Figure  3:  The  geometric  deformation  of  a  plate  actuated  by  a 
pair  of  moments. 


where  co^  is  the  complex  resonant  frequency  of  the 
plate  because  the  damping  factor  of  the  system  is 

introduced  through  the  complex  Young’s  modulus  in  Eq.  (3).  The  subscript  m  and  n  refer  to  the  mode  numbers  ir.  the  x  and 
y  directions.  The  forced  response  of  the  plate  may  be  expressed  by  the  modal  expansion  series  solution: 

■-1  x-l 
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cofc  \/ry I  Tion/ert: 


where  is  the  modal  participation  factor  which  determines  the  amount  of  participation  of  each  mode  in  the  total  transvcra 
dynamic  response.  is  the  eigenfunction.  Substituting  Eqs.  (19)  and  (20)  into  Eq.  (18)  results  in:  1 

A  ^  9  dM  3M  iJil 

H«1  K-l  OX  ^ 

For  a  simply-supported  plate,  the  eigenfunction  W^(x,y)  can  be  described  by:  « 

TJ/  /  \  •  ^  ^ 

Vv^(x,y)=sin _ xcos_y  ,  ^ 


where  a  and  b  are  the  length  and  the  width  of  the  plate.  Substituting  Eq.  (22)  into  Eq.  (21)  and  using  the  usual  nii 
expansion  technique  yields:  | 

>•1 

P  *<iLp  e‘“  ,  d 

rmn  *  mu''  ’ 


where  the  equivalent  forcing  function,  F„„,  is  the  form  of 


1  rr  dM  hM  I 

^m»=-TTTT-/ W  • 


"  U  a  b  ^  4 


Applying  Eqs.  (13)  and  (22)  into  Eq.  (24)  yields:  rj 

p  ( — Af  +-_Af j(cos - X,-  cos - x,)(cos ^y,  -cos _ ^y,)  . 

abph  an  bm  ^  a  ^  a  ^  ^  '  b  ^ 

The  steady-state  solution  of  the  forced  vibration  of  th^ plate  is  thus  obtained  by: 

»<w)-EE - 1— i -  J 

"-1  ‘-i  (n^-ar  J 

where  x  and  y  are  the  location  coordinates  at  which  the  response  is  picked  up.  The  resonant  frequency,  (0„„„  is  deteruM 
the  homogenous  equation  of  the  transverse  motion  of  the  plate: 


,=7t^  ^  W+W  L 


is  the  flexural  stiffness  of  the  plate. 


12(1 -v^) 


r.:  n  f;  n  r  n  f  p^-, 

Lzi-iJ  il  i'  G  b’ :  1  ‘  ‘ 
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Recalling  the  definition  of  the  admittance  in  Eq.  (15)  and  the  relation  of  Qu-(h+tf,fHa!2  (ljc-x,y),  the  direct  force 
admittance  of  the  plate  at  the  edge  of  the  PZT  patch  is  obtained  by; 


/I*! 


/met,  ntivc.  .  nK(y.+y^ ,  nny.  nny. 

'  _ i_(cos _ i-cos— — 1) 

2b  ^  b  b 


m\cos . ’  -cos sin. 

a  a 


n(co^-£0^) 


ffKfl 


(30) 


and 


^  phb\ 


'  trmx^  nmx^  .  nttz(x^+x,)  mty^  nny.  ^ 

nneos _ i-cos _ i)  sin _ : _ ii  (cos _ i  -cos - tV 

a  a  2a  b  b 


/n((0^-0)^) 


,/K/Z 


(31) 


Similarly,  the  cross  admittance  is  determined  by: 

2Jt(/i+/p)^co 


Q.-- 


irv 

pha^bb^ 


^  rrmx,  rrmx^  m7t(jc.+xJ  nny. 

m(cos _ L-cos_Z3sin _ l^_Jl(cos_ii  -cos_li)* 

a  a  2a  b  b 


(oL-to^ 


,/n/2 


(32) 


and 


^  ^2n(/i+t/co^,^ 

^yx  '  I  I  2 

phobia  m-i  «-i 


^  /mtJCj  rrnix.,.  /i7t(y,+>j) ,  nny,  /ucy. 

n(cos _ 12 -cos - L)^sin - 1 — L(cos_J.  -cos__i) 

a  a  2b  b  b 


(33) 


The  thin  plate  is  usually  assumed  to  be  a  linear  system,  hence,  the  cross  admittances  are  equal,  that  is,  which  is  proved 

by  the  numerical  calculation. 


4.  DYNAMIC  OUTPUT  CHARACTERISTICS  OF  THE  PZT  ACTUATOR 


In  the  static  models,  the  amplitude  of  the  moment  outputs  of  the  actuator  are  assumed  to  be  independent  of  the  frequency 
and  the  dynamic  behavior  of  the  host  structure.  In  addition,  the  same  amplitude  of  the  moment  is  assumed  to  be  in  both  the 
X  and  y  directions  even  though  the  mechanical  impedance  of  the  structure  may  be  quite  different.  There  arc  several  static 
models  for  the  actuation  of  PZT  patches  on  two-dimensional  plate  structure:.  (Dimitriadis  et  al.,  1989;  Wang  et  al.,  1990; 
Crawley  et  al.,  1991;  Kim  et  al.,  1991).  One  of  which  was  developed  from  stress-based  pure  bending  model  (Dimitriadis 
et  al.,  1989)  is  used  in  this  paper  to  compare  with  the  dynamic  model. 

A  simply-supported  thin  plate  is  used  in  the  numerical  calculation.  The  thin  plate  is  made  of  aluminum  and  the  PZT 
material  is  G1195.  Their  geometric  parameters  are  shown  in  Fig.  2.  The  basic  material  properties  are  listed  in  Table  1. 

Figure  4  demonstrates  the  difference  of  moment  outputs  of  the  actuator  predicted  by  the  dynamic  model  and  the  static 
model.  In  the  dynamic  model,  the  amplitude  of  the  moment  varies  significantly  near  the  resonant  ftequencies  of  the  system 
because  of  the  dynamic  interaction  between  the  actuator  and  the  plate.  This  interaction  can  be  explained  by  the  impedance 
matching,  as  shown  in  Fig.  5.  When  the  input  impedance  of  the  PZT  actuator  approaches  to  and  matches  with  the  structural 


impedance  of  the  plate,  the  moment  output  of  the  actuator  varies  significantly.  Therefore,  the  actuation  is  greatly  strengthene 
In  the  static  model,  however,  the  amplitude  of  the  moment  output  is  constant  over  the  whole  frequency  band  as  shown  in 
4  and  the  dynamic  output  of  the  actuator  can  not  be  predicted.  In  addition.  Figure  5  shows  that  the  mechanical  impedance, 
the  plate  is  different  in  the  x  and  y  directions  because  of  the  asymmetric  geometry  of  the  plate.  Therefore,  the  actuation^ 
the  PZT  actuator  is  not  equal,  i.e,  ^  My  | 


Table  1:  Material  Properties  of  PZT*  and  Aluminum 


PZT 


Aluminum 


Young’s  Modulus 
(N/m^ 

Mass  Density 
(kg/m^) 

Poisson’s 

Ratio 

Piezoelectric  Constant 
(m/volt) 

6.3x10'° 

7650 

0.3 

1.66x10’° 

7.1x10’° 

2800 

0.33 

N/A 

*From  Piezo  System,  Inc. 


-  impedance  model  Mx 

-  impedance  model  My 
static  model  Mx^My 


I  [ . n . 

•S  10*1: 


t  f 


■  Zxx 
Zyy 

2xy=Zyx 

Zpxx^Zpyy 


. . 
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50  100  150  200  250  300  350  400 

Frequency  (Hz) 


Figure  4:  The  comparison  of  the  predicted  moment 
outputs  of  the  PZT  actuator. 


Figure  5:  The  input  impedance  of  the  PZT  actuator;| 
mechanical  impedance  of  the  host  structtg 


The  parametric  study  (Zhou  et  al.,  1993)  has  shown  that  the  moment  output  depends  on  the  location  of  the 
to  location  dependence  of  the  mechanical  impedance  of  the  host  structure.  Moreover,  with  increase  in  the  thickness^® 
actuator,  the  impedance  matching  is  strengthened  and  the  actuation  is  thus  significantly  intensified.  When  the 
patch,  especially  the  thickness  of  the  actuator,  is  much  smaller  than  that  of  the  host  structure,  the  impedance  mod^^n 
results  similar  to  the  static  model. 

To  examine  the  utility  and  generality  of  the  two-dimensional  Impedance  model,  the  developed  model  abovel^CT 
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f:  P  i?  p  ! 

^  ii 


yilP] 


one-dimensional  structures.  It  is  assumed  that  the  mechanical  coupling  terms  of  the  host  structure,  i.  e.,  the  cross  impedance 
and  2^  in  Eq.  (8)  is  zero  and  the  Poisson  effect  of  the  piezoelectric  material  is  also  ignored.  A  decoupling  analysis  is  then 
obtained.  The  force  output  of  the  PZT  actuator  predicted  by  Eq.  (1 1)  is  reduced  to: 


where  is  the  cross  section  area  of  the  PZT  patch.  This  result  is  exactly  same  as  that  derived  by  Liang  et  al.  (1993a). 
Therefore,  the  two-dimensional  impedance  analysis  presented  in  the  previous  sections  is  more  general  and  applicable  to  one¬ 
dimensional  structures  if  the  motion  of  the  PZT  patch  is  considered  in  only  one  direction. 

5.  EXPERIMENTAL  VERIHCATION 

A  simply-supported  thin  plate  was  built  and  tested  to  verify  the  dynamic  model.  The  experimental  setup  of  vibration 
excitation  of  the  plate  is  illustrated  in  Fig.  6.  The  thin  plate  in  the  experiment  is  made  of  aluminum  and  the  PZT  material  is 
G1195.  Their  geometric  parameters  are  shown  in  Fig.  2.  Thejbasic  material  properties  are  listed  in  Table  1. 


0.06’ 


Figure  6:  The  experimental  setup  for  measuring  velocity  of  the  plate  integrated  with  PZT  patch  actuators. 


A  p&’udo-random  signal  was  used  in  a  burst  mode  to  activate  the  plate.  The  transverse  velocity  response  of  the  plate 
accurately  measured  using  a  noncontact  laser  sensor  such  that  the  effect  of  the  added  mass  and  stiffening  effect  of  the ; 
on  the  plate  has  been  eliminated.  The  response  is  picked  up  at  two  different  locations:  x=6",  y=4",  and  x=9".  y=4",  as  shora 
in  Fig.  6.  The  coherence  of  the  actuation  voltage  and  the  velocity  response  is  used  to  examine  the  accuracy  of  the  exei^ 
modes.  a 

Figure  7  illustrates  the  measured  and  predicted  frequency  response  funcuon  of  the  plate  at  the  sensor  location  #1. 
important  results  have  been  observed: 


First,  the  theoretical  prediction  based  upon 
the  impedance  analysis  (dash  line)  agrees  well 
with  the  experimental  data  (solid  line).  The  static 
model  (dashed-dotted  line),  however,  misrepre¬ 
sents  the  velocity  response  of  the  plate  and  is  net 
able  to  predict  the  2nd  (2,1)  mode  and  the  3rd 
mode  (1,2).  The  reason  is  that  the  sensor  loca¬ 
tion  #1  is  on  the  nodal  lines  of  these  two  modes 
and,  assuming  a  constant  moment  input  in  the 
static  model,  misses  these  two  modes.  As  a 
matter  of  fact,  the  input  moment  is  a  function  of 
frequency  and  is  maximized  at  the  resonant 
frequencies  of  the  integrated  system.  The  2nd 
and  3rd  modes  are  thus  excited. 


-  experimental  data 
'  impedance  model 
static  model 


sensor  location  #l 


The  predicted  and  measured  velocity  respon^l 
plate. 


Second,  Figure  7  clearly  demonstrates  that  Frequency  (Hz)  ^ 

the  dynamic  performance  of  the  original  system  .  ,  ,  ^ 

.  t  ^  ^  ^  7:  The  predicted  and  measured  velocity  response^ 

IS  altered  due  to  the  added  PCT  patches.  The  ®  plate 

resonant  frequency  of  the  original  plate  is  shifted  ® 

to  high  values.  The  maximum  frequency  shift  happens^to  be  at  4th  mode  (1 ,3)  and  the  resonant  frequency  increases  ato 
Hz  within  the  frequency  band  less  than  1000  Hz.  At  the  same  time,  the  amplitude  of  the  system  response  decreases. 
be  explained  by  the  observation  that  the  PZT  patches  bonded  on  the  surface  of  the  plate  stiffen  the  structure  and^fl 
parasitic  mass  in  the  original  system.  In  general,  the  stiffening  effectiveness  will  increase  the  resonant  frequencies 
structure  while  the  added  mass  has  the  opposite  influence.  However,  the  stiffening  effect  may  have  the  greater  imp^ffl 
dynamic  characteristics  of  the  plate  than  the  added  mass.  Consequently,  the  resonant  frequencies  of  the  integrated 
shifted  to  the  higher  value.  The  intensity  of  the  variation  of  the  frequencies  depends  on  the  extent  of  the  impedance.^ 
between  PZT  and  the  plate.  In  static  model,  the  dynamic  behavior  of  the  plate  is  assumed  to  be  unchanged, 
phenomena  of  resonant  frequency  shift  can’t  be  observed  in  the  experiment.  ..mm 

When  the  sensor  location  is  moved  from  the  location  #1  to  the  location  #2,  the  same  phenomena  as 
happens.  This  time,  the  sensor  location  #2  is  placed  on  the  nodal  line  of  only  3rd  mode  (1,2).  Thus,  the  static 
up  the  2nd  mode  but  misses  the  3rd  mode,  as  shown  in  Fig.  8.  The  resonant  frequency  shift  and  the  dynamic  respoi^^ 
of  the  original  system  caused  by  the  bonded  PZT  actuators  still  exist.  However,  these  dynamic  performance  varia^^CT 
predicted  by  the  static  model. 


i¥ 
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Figure  8:  The  predicted  and  measured  velocity  response  of  the  plate  at  the  sensor  location  #2. 


6.  SUMMARY 

A  dynamic  model  for  the  actuation  of  two-dimensional  structures  has  been  developed  using  the  mechanical 
impedance  analysis.  TTie  impedance  modeling  approach  has  clearly  demonstrated  its  advantage  over  conventional 
static  models  and  its  potential  in  the  design  and  the  application  of  PZT  actuators.  It  reveals  the  dynamic  essence 
of  the  actuation  of  the  PZT  actuators  and  offers  more  accurate  prediction. 

The  experiment  has  venfied  the  accuracy  of  the  impedance  model  to  predict  the  dynamic  outputs  (forces  or  moments) 
of  the  induced  strain  actuators  and  the  vibration  response  of  the  adaptive  structures. 

The  dynamic  performance  of  the  adaptive  structures  may  be  strongly  affected  by  the  stiffening  effect  of  the  dis¬ 
tributed  piezoelectric  actuators. 
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Impedance-Based  Modeling  of  Actuators 
Bonded  to  Shell  Structures 
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ABSTRACT :  When  discrete  piezoelectric  actuator  patches  bonded  on  structures  are  used  for  active 
shape,  vibration,  and  acoustic  control,  the  desired  deformation  field  in  the  structure  is  obtained 
through  the  application  of  localized  line  forces  and  moments  generated  by  expanding  or  contracting 
bonded  piezoelectric  actuators.  An  impedance- based  model  to  predict  the  dynamic  response  of 
cylindrical  shells  subjected  to  excitation  from  surface-bonded  induced  strain  actuators  is  presented. 
The  essence  of  the  impedance  approach  is  to  match  the  actuator  impedance  with  the  structural  im¬ 
pedance  at  the  ends  of  the  actuators,  which  will  retain  the  dynamic  characteristics  of  the  actuators. 
A  detailed  derivation  of  the  actuator  and  structural  impedance  is  included.  It  is  found  that  the  actua¬ 
tors  output  dynamic  force  in  the  axial  and  tangential  direction  are  not  equal.  Various  case  studies 
of  a  cylindrical  thin  shell  are  performed  to  illustrate  the  capabilities  of  the  developed  impedance 
model.  Out-of-phase  actuation  is  shown  to  be  the  most  efficient  in  exciting  the  lower  order  bending 
modes  of  shell  structures.  The  paper  is  concluded  with  a  finite  element  analysis  verification  of  the 
derived  impedance  model. 


INTRODUCTION 

IN  any  mechanical  system  with  moving  parts,  special  at¬ 
tention  must  be  given  to  reducing  vibrations  and  accom¬ 
panying  noise.  If  the  system  cannot  be  balanced  or  is  sub¬ 
jected  to  random  vibrations,  passive  or  active  control  of  the 
structure  can  be  considered  to  reduce  vibrations.  One  way 
to  perform  active  control  is  to  use  shaker  type  actuators,  but 
this  involves  many  moving  parts  external  to  the  base  struc¬ 
ture.  By  fully  integrating  the  vibration  control  components 
within  the  base  structure,  self  equilibrium  of  the  complete 
system  is  insured  and  simplifies  the  overall  design  of  the  me¬ 
chanical  system.  Piezoelectric  (PZT),  and  other  induced 
strain  actuators  are  one  type  of  actuators  which  can  be 
easily  integrated  in  the  structure.  When  PZT  patches  are 
bonded  or  embedded  in  the  structure,  they  apply  forces  or 
moments  which  are  concentrated  at  the  edges  of  the  actua¬ 
tor.  Using  those  forces  and  moments  on  the  structure,  the 
vibrations  can  be  reduced  by  modifying  the  apparent  struc¬ 
tural  impedance. 

The  piezoelectric  actuators  are  often  used  in  pairs, 
bonded  on  opposite  sides  of  the  structure.  By  controlling  the 
voltage  applied  on  each  actuator  it  is  possible  to  drive  the 
actuators  in-phase  (both  actuators  expanding  or  contracting 
together),  which  creates  an  extensional  deformation  of  the 
middle  surface  or  out-of-phase  (one  actuator  expands  while 
the  other  contracts),  which  creates  bending  deformation  of 
the  middle  surface.  In  between  these  two  extreme  cases, 


♦Author  to  whom  correspondence  should  be  addressed. 


unequal  voltage  application  will  create  a  combination  of 
bending  and  extension.  An  actuator  bonded  only  on  one 
side  of  the  structure  is  the  most  common  case  of  unsymmet- 
ric  actuation.  Out-of-phase  and  in-phase  actuation  will  have 
a  different  impact  on  the  vibrational  response  of  the  struc¬ 
ture,  out-of-phase  actuation  being  more  suitable  for  exciting 
the  structural  bending  modes  and  in-phase  being  more  suit¬ 
able  extensional  modes  (Lalande  et  al.,  1995a). 

A  number  of  theoretical  models  have  been  proposed  for 
out-of-phase  actuation  of  beams  (Crawley  and  de  Luis, 
1987;  Crawley  and  Anderson,  1990;  Wang  and  Rogers,  1991; 
Dimitriadis  et  al.,  1989)  and  plates  (Crawley  and  Lazarus, 
1989;  Crawley  et  al.,  1988).  Other  models  based  on  the  lay¬ 
ered  shell  theory  have  also  been  proposed  (Tzou  and  Gadre, 
1989;  Jia  and  Rogers,  1990).  For  shells  actuated  with  dis¬ 
crete  actuator  patches,  plate  models  were  adapted  to  shells 
(Sonti  and  Jones,  1991;  Lester  and  Lefebvre,  1991)  and  other 
models  directly  based  on  the  shell  governing  equations 
(Sonti  and  Jones,  1993;  Larson  and  Vinson,  1993;  Lalande 
et  al.,  1994a).  In  all  of  these  models,  the  actuator  output 
force  is  computed  from  static  considerations  (i.e.,  local 
actuator/structural  geometric  and  material  properties)  and, 
for  vibrational  control,  the  static  fixed  amplitude  actuator 
forces  are  simply  applied  over  the  whole  frequency  range  of 
interest. 

Impedance  models  based  on  the  dynamic  properties  of  the 
actuators  and  the  structure  have  also  been  proposed.  The  es¬ 
sence  of  the  impedance  approach  is  to  match  the  actuator 
impedance  to  the  structural  impedance  along  the  edges  of 
the  actuators.  Impedance  models  for  out-of-phase  actuation 


Journal  of  Intelugent  Material  Systems  and  Structures,  Vol.  6-  November  1995 

1045-389X/95/06  0765-11  $10.00/0 
©  1995  Technomic  Publishing  Co.,  Inc. 


765 


766 


F.  Lalande,  Z.  Chaudhry  and  C.  A.  Rogers 


have  been  derived  for  beams  (Liang  et  ah,  1993),  plates 
(Zhou  et  al.,  1994),  rings  (Rossi  et  al.,  1993;  Lalande  et  al., 
1994b),  and  shells  (Zhou  et  al.,  1993).  An  impedance  model 
for  in-phase  actuation  of  rings  has  also  been  proposed 
(Lalande  et  al.,  1994c). 

Even  though  unsymmetrical  actuation  can  be  represented 
with  simple  linear  superposition  of  in-phase  and  out-of¬ 
phase  actuation  (Lalande  et  al.,  1994c),  no  model  for  such 
unsymmetrical  actuation  has  been  presented  yet.  In  this 
paper,  an  impedance-based  model  of  two-dimensional  shells 
subjected  to  in-phase,  out-of-phase,  and  unsymmetrical  ac¬ 
tuation  is  proposed. 


IMPEDANCE  MODEL  DERIVATION 

An  impedance-based  model  for  a  simply  supported  thin 
cylindrical  shell  excited  with  piezoelectric  actuator(s)  is 
derived  (Figure  1).  The  impedance  model  is  derived  in  four 
major  steps:  (1)  calculation  of  the  structural  impedance  at 
the  edges  of  the  actuators  using  the  shell  governing  equa¬ 
tions  and  the  appropriate  boundary  conditions;  (2)  calcula¬ 
tion  of  the  actuator  impedance;  (3)  calculation  of  the  actua¬ 
tor  output  force  based  on  the  structural  and  actuator 
impedances  interaction;  and  (4)  application  of  frequency- 
dependent  the  actuator  output  forces  to  the  shell  governing 
equations  previously  used  to  obtain  the  shell  response. 

The  assumptions  used  in  the  following  derivation  are  a 
perfect  bonding  of  the  actuators  to  the  structure,  a  constant 
stress  distribution  through  the  thickness  of  the  actuators, 
and  a  thin  shell.  Based  on  these  assumptions,  the  linear 
Love-Kirchoff  shell  theory  is  used.  In  view  of  the  mechanics 
through  which  the  forces  from  the  actuator  are  transferred  to 
the  sub-structure,  the  actuator  patches  are  replaced  by  dis¬ 
crete  line  forces  and  moments  along  the  edges  of  the  foot¬ 
print  of  the  actuators  (Crawley  and  de  Luis,  1987). 

The  pair  of  piezoelectric  actuators  can  be  excited  inde¬ 
pendently  if  the  substructure  is  not  used  as  a  ground  and 
electrical  insulation  between  the  actuators  and  the  structure 
is  introduced  (Figure  2).  This  type  of  bonding  allows  the 
pair  of  actuators  to  be  excited  in-phase,  out-of-phase,  one 
actuator  alone,  or  unsymmetrically. 


Figure  1.  Simply  supported  thin  shell  with  surface  bonded  actua¬ 
tors. 


Elearicai  Insuiaiion  Layers 


Figure  2.  Unsymmetric  actuation  created  by  electrically  insulating 
the  actuators  from  the  structure. 


The  superposition  of  the  in-phase  and  out-of-phase  actua¬ 
tion  structural  responses  will  be  used  to  predict  the  response 
due  to  unsymmetrical  actuation.  It  was  shown  in  Lalande  et 
al.  (1994c)  that  any  unsymmetrical  actuation  can  be  ex¬ 
pressed  as  a  linear  combination  of  pure  in-phase  actuation 
and  pure  out-of-phase  actuation.  The  appropriate  weighting 
factors  for  in-phase  (fO  and  out-of-phase  (^°),  which  are 
based  on  the  free  induced  strains  (A)  applied  on  each  actua¬ 
tors,  are: 


S*'  = 


4"  Ao, 


2A„ 


(la) 


^  = 


-A,, 


Ao. 


2A„ 


(Ib) 


where  A,„^,  is  the  largest  of  the  inside  or  outside  actuator 
free  induced  strain.  Based  on  this  definition,  the  free  in¬ 
duced  strain  ratios  and  will  vary  from  —  1/2  to  1,  = 

1  being  pure  out-of-phase  and  =  1  being  pure  in-phase. 
The  ^  ratios  are  dependent  only  on  the  free  induced  strain, 
assuming  identical  actuators  are  bonded  on  both  sides  of  the 
shell.  For  cases  where  the  actuators  do  not  have  the  same 
thicknesses,  the  equation  derivation  becomes  more  compli¬ 
cated  due  to  different  actuator  impedances.  However,  a  sim¬ 
ple  superposition  of  the  structural  response  to  actuators 
bonded  on  the  inside  and  on  the  outside  of  the  shell  can  still 
be  used  to  predict  the  dynamic  response  using  this  method. 

Determination  of  the  Structural  Impedance 

The  dynamic  response  of  structures  can  be  described 
through  its  impedance  or  admittance.  The  structural  admit¬ 
tance,  which  is  simply  the  inverse  of  the  impedance,  and  is 
defined  based  on  the  velocity  response  of  the  cylinder  at  the 
edges  of  the  piezoelectric  actuator,  both  in  the  x  and  the  6 
directions.  Making  use  of  linear  superposition,  the  admit¬ 
tance  definition  [Equation  (2)]  has  been  separated  into  two 
parts:  pure  in-phase  actuation  admittance  and  pure  out-of- 
phase  actuation  admittance.  and  Hee  are  the  direct  admit¬ 
tances  which  directly  couple  the  forces  in  the  x  and  6  direc¬ 
tions,  while  and  He,  are  the  cross  admittances  which 
couple  the  input  forces  in  the  x  and  6  directions  to  the  re¬ 
sponse  in  the  6  and  j:  directions,  respectively.  In  the  case  of 
one-dimensional  structures,  the  coupling  disappears  and  the 
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admittance  definition  simplifies  to  a  single  term  instead  of 
the  2  X  2  matrix  involved  for  two  dimensional  structures. 


2u^ 


{t,  +  loY  dn’* 
2  bx 


-\2u^ 


Ouxphase, 

{ts  +  taY 

2  17 


Outphose 


-  -f  He,Fe) 


t.Y  dw" 

\ 

1  ^  1  Inphase  2 

Rde 

Out  phase} 

-  2v^| 


(/j  “H  toY  bw° 


Inphas^ 


2  Rde 


Outphase , 


(2a) 


(2b) 


Az,  =  Ne[H{x  -  X.)  -  H{x  -  x,)][H{e  -  e,)  -  H{e  -  62)] 

(4b) 


with  an  in-phase  force  magnitude  of: 

N.  =  2F,r 
Ns  =  2Fsi‘ 


(5a) 

(5b) 


and  where  the  induced  uniform  tangential  and  axial  mo¬ 
ments  can  also  be  written  using  Heaviside  functions: 

A??,  =  MAHix  -  xA  -  H{x  -  X2)][H(d  -  OA  -  H{6  -  62)] 

(6a) 

m.  =  Me[H(x  -  X,)  -  H{x  -  A'a)l[//(/9  -  0.)  -  HiO  -  62)] 

(6b) 


where  and  w''  are  the  axial,  tangential,  and  radial 

midplane  displacements,  respectively,  t  is  the  thickness  and 
subscripts  a  and  s  stand  for  actuator  and  shell,  respectively, 
and  R  is  the  radius  of  the  shell.  F,  and  Fe  are  the  actuator 
output  forces  in  the  x  and  6  directions.  In  Equation  (2).  the 
minus  sign  on  the  right  hand  side  is  necessary  to  indicate 
that  the  actuator  output  forces  are  equal  and  opposite  to  the 
structural  reactions. 

The  first  step  of  the  impedance  approach  is  to  calculate 
the  structural  impedance  of  the  cylinder,  which  will  be  de¬ 
pendent  on  the  actuator's  location,  the  boundary  conditions, 
and  the  physical  properties  of  the  shell.  The  structural  im¬ 
pedance  calculations  will  be  based  on  the  modal  expansion 
method.  This  method  is  numerically  efficient  and  accurate 
when  the  natural. modes  are  available,  which  is  the  case  for 
a  simply  supported  shell.  The  Rayleigh-Ritz  method  can  be 
used  for  more  complex  shell  boundary  conditions.  Using 
the  thin  shell  theory  of  a  circular  cylinder,  the  equations  of 
motion  including  the  actuator  induced  forces  and  moments 
are  (Soedel,  1981): 


LAu\v\\v°)  -  = 

L2(w®,  V°,  VV")  -  = 

r  /  ^ 

~  Qj,w^  =  -  —  + 


bn^ 

'  ""  a7 

bne 

bms 

Rde 

R^bO 

dbn. 

b^rus 

dx^ 

R^bO 

(3a) 


(3b) 


(3c) 


where  the  induced  uniform  tangential  and  axial  forces  can 
be  written  using  Heaviside  functions: 

n,  =  NAH(x  -  xA  -  H{x  -  X2)][H{e  -  6,)  -  H{d  -  (9,)] 

(4a) 


with  an  out-of-phase  moment  magnitude  of: 


Mr  =  (/. 

+  ts)Fri‘‘ 

(7a) 

Me  =  (h 

+  OFe^<' 

(7b) 

In  the  solution  of  the  structural  impedance,  the  actuators 
forces  are  transferred  to  the  midplane  of  the  structure,  and 
the  actuators  are  removed  from  the  structure.  It  is  noted 
that,  at  this  stage,  the  actuator  output  forces  F^  and  Fa  are 
still  unknown.  For  a  general  unsymmetric  actuation,  the 
shell  will  be  subjected  both  to  in-plane  forces  [Equations 
(4-5)]  and  out-of-plane  moments  [Equations  (6-7)]  on  the 
edges  of  the  actuators  (Figure  3). 

Using  the  modal  expansion  method,  the  forced  response 
of  the  shell  is  expressed  with  the  following  series  (Soedel, 
1981): 


U,ix,d.t)  =  Yj  PkU:k(x,d)e‘‘^'  (8) 

k 

where  is  the  modal  participation  factor.  For  a  simply  sup¬ 
ported  cylindrical  shell,  the  axial,  tangential,  and  radial  dis- 


Figure  3.  Transfer  of  the  actuator's  forces  to  the  shell  midplane. 
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placements  are  assumed  to  be  under  harmonic  loading  and 
may  be  expressed  as: 

=  Umnp  =  Ar„„p  COS  ooc  siu  fid  (9a) 


V2k  =  Vmnp  ~  Brr^np  sivi  ox  slu  fid  (9b) 


LEE 


p= \  m  =  I  n  = i 


X  {d B^„plCn,„p(Se  sin  nS  +  C#  cos  nO)  sin  ax)^*‘ 


=  C„„p  sin  ca  cos  (9c) 

where  a  =  mirlL  The  subscript  p  refers  to  the  bending,  tor¬ 
sional  and  extensional  modes.  Based  on  the  eigenvalue  anal¬ 
ysis  of  the  system,  the  Lx^ve  operators  Li{u°,v°,w°)  are  ob¬ 
tained,  as  well  as  the  natural  frequencies  and  the 
displacement  ratios  A^JC^^p  and  B^JC^np  (Soedel, 
1981). 


^xjj)  =  EEi; 


X  |t9(5e  cos  nO  -  Ce  sin  nO)  sin  oix]e'" 


Li{u\v\W°)  ~  -Qj,U)lUik  (10) 

Substituting  Equation  (10)  in  Equation  (3),  the  modal  expan¬ 
sion  method  yields: 

p,  -f  (11) 

with  the  forcing  function  F* : 


o  ^  ^ ^ 

-  0,^)  c„„,  C„ 


A/e  Mg  I  A4  M^(x  Men 
^  .Ra.  ^  ^  .Ran  n  R^a 


So  —  sin  nO^  —  sin  n62 


Fk  =  Fr. 


Qst,A/„„pj^  Jq[\3x 


[RdO  R^dO 


Ce  =  cos  ndi  -  cos  nOi  (16c) 

Based  on  the  admittance  definition  [Equation  (2)],  the 
direct  structural  admittances  are: 


/  ne  d^me\ 


H  =  -!-  E  E  E  '3/Cfnnp^  ^  XoufOJ 

Ra  ,  .  ,  \  n  n 

p= \  m  = ]  n=l  \ 


X  (Se  COS  nOo  ~  Ce  sin  n^o)C^ 


N  =  C^  N*  = 

^  ^  mnp  ^  mnp^  ^  mnp 


[ui„,  +  VL,  +  wi„^]Rdedx 


Solving  Equation  (11),  the  modal  participation  factor  is 


fEEE 

^  p  =  \  m  —  \  n  =  ! 


Ran 


Xoufn{n  B^„p/ Cmnp)\  .  /  1  Tl  \ 

+ - - -|  (SJ  +  Q)  sin  at,  (I7b) 


At  this  point,  the  forced  response  of  the  shell  under  steady 
state  excitation  is  determined  as: 


u°(x,e,t)  =  EEE 


p  =  \  /rt  =  I  n  =  I 


X  \dA„np/C^„p{Se  cos  nd  -  Ce  sin  nO)  cos  ca\e'^ 


and  the  cross  admittances  are: 
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^  E  E  L 

®  p=  1  m  =  I  r  =  1 


\in(^^mnp  ^  mnp  ^  ^ mnp)  XoufO^ 

n  ■‘■“T” 


X  (5|  +  Ce)sinaXo|  (18b) 

where 

Rii^  2$‘- 

~  ~  Qst,  N*„A<^Lr  - 

— (I,  +  — 

A.OU1  -^A/*  /  2  2\  V  ^ 

C  =  cos  ax,  -  cos  01X2  (19c) 

and  (Xo,do)  are  the  coordinates  of  the  actuator  center,  f  = 
X2  ^  X,  and  =  R{d2  —  6i)  are  the  actuator  dimensions 
in  the  axial  and  tangential  directions.  Finally,  the  structural 
impedance  along  the  actuator  edges  is  obtained  by  inverting 
the  admittance  matrix: 


'^Bx  ^ee 


//„  H^e 
Hq^  Heo 


Determination  of  the  Actuator  Impedance 

With  the  structural  admittance  now  determined,  the  next 
step  in  the  impedance  approach  is  to  calculate  the  actuator 
impedance  and  match  it  to  the  structural  impedance.  Mak¬ 
ing  use  of  the  isotropy  of  the  actuator  in  the  1-1  and  2-2 
plane  and  assuming  a  thin  shell,  the  Love’s  equations  of  mo¬ 
tion  of  the  PZT  actuator  vibrating  in  the  axial  and  tangential 
directions  can  be  expressed  as: 


where  pa  is  the  PZT  density  and  Tf  is  the  PZT  complex 
Young’s  modulus  at  zero  electrical  field.  The  complex 
Young’s  modulus  is  used  to  include  the  piezoelectric 
material’s  damping. 

Under  thin  shell  assumption,  the  piezoelectric  patch  is 
thin  with  a  large  radius  of  curvature.  If  the  actuator  patch  is 
small  enough,  the  actuators  can  be  assumed  to  be  flat  and 
the  strain-displacement  relations  for  flat  structures  can  be 
used.  This  assumption  allows  us  to  decouple  the  radial  dis¬ 
placement  of  the  shell  from  the  dynamics  of  the  piezoelec¬ 
tric  actuators,  i.e.. 


Thus,  the  equations  of  motion  in  the  axial  and  tangential 
directions  for  the  PZT  actuator  are: 


Assuming  harmonic  excitation  by  separating  the  displace¬ 
ments  into  time  and  spatial  domains,  the  solution  of  the 
equations  of  motion  will  give  the  axial  and  tangential  re¬ 
sponse  of  the  actuator; 

u°ixj)  =  [A  sin  ikx)  -h  B  cos  ikx)]e‘'^’  (24a) 

v°{6j)  =  [C  sin  (kRO)  D  cos  (kRO)]e‘'^'  (24b) 

where  w  is  the  input  angular  velocity  and  k  is  the  wave 
number,  which  is  given  by: 


The  short-circuit  direct  input  impedances  of  the  piezo¬ 
electric  actuators  in  the  axial  and  tangential  directions  are 
respectively  defined  as: 


Z  =  - 


YUokR. 


io)  tan  (kL)  "  ' 

Y^t  kl 

Z.se  =  .  /  ,  (26b) 

zcj  tan  (kR^) 

and  the  short-circuit  cross  input  impedances  are: 

_  YlukL  , 

ZaxB  •  ,11  .  (27a) 

/w  tan  {klf} 

4..  =  .  (27b) 

lii)  tan  (A:aJ 

Finally,  the  constitutive  equations  of  the  piezoelectric  ac¬ 
tuator: 


du^ 

1  - 

dx 

YlKRa 
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—  Va 

1 

Rde 

YltX 

(f.| 
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where  d^i  are  the  piezoelectric  constants  of  the  PZT  actua¬ 
tors,  E  is  the  electrical  field  and  is  the  actuator’s  Poisson’s 
ratio. 
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Stnictural/Actuator  Dynamic  Interaction 

With  the  structural  and  actuator  impedances  now  deter> 
mined,  the  third  step  in  the  impedance  modeling  is  to  con¬ 
sider  the  structural /actuator  dynamic  interaction  (Figure  4). 
The  interaction  between  the  actuator  is  taken  into  account 
by  the  equilibrium  and  compatibility  equations,  which  state 
the  equilibrium  of  the  forces  between  the  actuator  and  the 
structure  at  the  actuator  edges.  Applying  the  displacement 
boundary  conditions  (Ur=o  =  0,  v^o  =  0)  (Zhou  et  al., 
1993)  to  Equation  (28),  B  and  D  are  found  to  be  zero.  The 
remaining  unknowns  A  and  C  will  be  determined  using  the 
constitutive  equations  of  the  piezoelectric  actuator  [Equa¬ 
tion  (28)]  at  X  -  and  6  =  6^: 


Based  on  the  impedance  definition,  the  dynamic  actuator 
forces  output  per  unit  length  are: 

ICO 

P-  =  -  sin  {W.)Z„  +  Csin  (*/?„) (30a) 

ICO 

F,  =  “  ^  sin  {kL)Ze.  -h  Csin  (30b) 

Thus,  the  dynamic  actuator  force  output  has  been 
calculated  based  on  the  structural  impedance. 

Shell  Response  Calculations 

Using  the  dynamic  actuator  force  output,  the  shell  re¬ 
sponse  can  be  calculated  based  on  the  shell  governing  equa¬ 
tions  developed  above.  The  axial,  tangential  and  radial  dis¬ 
placements  are  given  in  Equation  (15). 

THEORETICAL  RESULTS 

The  derived  impedance  model  that  was  presented  in 
Figure  1  will  be  applied  to  the  thin  cylinder,  with  dimen¬ 
sions  and  properties  given  in  Table  1.  The  dimensions  were 
chosen  such  that  the  shell  is  thin  and  the  actuators  are  small 
enough  not  to  increase  the  structural  stiffness  substan¬ 
tially.  The  shell  is  made  of  aluminum  and  G1195  piezoelec¬ 
tric  actuator  patches  are  used.  Various  case  studies  are  pre¬ 
sented,  with  a  particular  attention  to  pure  out-of-phase  and 
to  pure  in-phase  actuation.  For  comparison  purposes,  all  ac¬ 


Figure  4.  Dynamic  interaction  between  the  piezoelectric  patch  and 
the  shell  structure  represented  by  mechanical  impedance. 


tuators  are  always  excited  with  a  free  induced  strain  (A)  of 
±  1(X)0  /xstrain. 

The  structural  admittance  for  in-phase  actuation  is  shown 
in  Figure  5.  The  four  peaks  corresponds  to  the  first  four 
natural  frequencies  of  the  shell,  as  expected.  The  reader’s 
attention  should  be  drawn  to  the  cross  admittances  and 
//fl,.  In  most  cases,  one  can  expect  the  cross  admittances  to 
be  equal.  However,  it  can  be  easily  seen  that  the  cross  ad¬ 
mittances  are  different  both  in  shape  and  magnitude,  having 
different  antiresonant  frequencies.  This  difference  is  due  to 
the  admittance  definition  that  was  used  in  Equation  (2).  In 
that  equation,  the  admittance  definition  was  based  only  on 
F*  and  Fg.  However,  if  a  special  attention  is  given  to  the 
third  equilibrium  equation  (Equation  (3c)],  one  will  notice 
the  presence  of  the  induced  uniform  tangential  force  rig.  It 
was  previously  discussed  that  this  loading  term  rig  can  be 
viewed  as  an  external  transverse  pressure  load,  necessary  to 
maintain  the  self  equilibrium  of  the  shell  when  actuated  in- 
phase  (Chaudhry  et  al.,  1994).  If  viewed  as  such,  the  admit¬ 
tance  definition  is  not  only  dependent  on  the  forces  F,  and 
Fg,  but  also  on  the  radial  pressure  term  -(ng/R).  Based  on 
this  observation,  the  admittance  for  pure  in-phase  actuation 
can  be  defined  as  a  3  x  3  matrix: 


Table  1,  Material  and  geometric  properties  of  the  PIT 
actuator  and  the  aluminum  shell. 


Aluminum 

Shell 

PZT  Actuator 

Young’s  modulus,  Pa 

69  X  10® 

63  X  10® 

Density,  kg/m^ 

2700 

7650 

Poisson’s  ratio 

0.3 

0.3 

Loss  factor 

0.006 

0.001 

Piezo  coefficient  daa,  vnfW 

N/A 

-166  X  10"'^ 

Applied  electric  field,  V/m 

N/A 

8.20  X  10® 

Length/radius,  cm 

10.65 

10° 

Width,  cm 

34 

2 

Thickness,  mm 

1.1 

0.24 
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Figure  5.  Structural  admittance  for  in-phase  actuation.  Cross  ad¬ 
mittances  are  not  equal  when  two  dimensional  admittance  definition 
is  used. 


Frequency  (Hz) 


Figure  6.  Structural  cross  admittances  for  in-phase  actuation  are 
equal  when  three  dimensional  admittance  definition  is  used. 


{2.U  I  inphase)  j  (2w  j  fnphase)  \ 

=  A-  He.Fe  A-  H^.F^  (31a) 

(2V  I  inphase)  j  ~  (2v®  j  J„phast)  \ 

=  -IH^F.  -f  HeeFe  A-  (31b) 

2  j  w-’de  =  -[H..F.  +  He.F,  +  H„F*]  (31c) 

where  is  the  term  resulting  from  radial  pressure  term. 
Using  this  definition,  the  cross  admittances  will  all  be  ex¬ 
actly  equal,  as  shown  in  Figure  6.  However,  for  the  purpose 
of  the  impedance  modeling,  it  is  necessary  to  lump  the 
radial  pressure  term  F^*with  the  tangential  force  Fe  in  the 
admittance  definition.  This  is  attributed  to  the  close  de¬ 
pendency  between  the  two  loads  involving  Fe. 

The  structural  admittance  for  out-of-phase  actuation  is 
shown  in  Figure  7.  Once  again,  the  cross  admittances 
and  He^  are  not  exactly  equal.  This  time,  the  difference  is 
due  to  the  transverse  shear  resultant  that  is  included  in  the 
governing  equations  (Lalande  et  al.,  1994b).  If  the  shear 
stress  resultant  is  omitted  in  the  second  governing  equation, 
the  cross  admittances  will  become  equal  since  the  admit¬ 
tances  will  now  have  only  one  dependency  on  Me.  For  both 
in-phase  and  oui-of-phase  actuation,  an  increased  shell 
radius  will  reduce  the  differences  between  the  cross  admit¬ 
tances;  and  for  plates,  the  cross  admittances  will  be  exactly 
equal.  Admittance  graphs  are  not  presented  for  unsymmet- 
ric  voltages  applied  to  the  PZT  actuators,  since  they  will  be 
a  simple  linear  combination  of  the  in-phase  and  out-of¬ 
phase  admittances. 

The  in-plane  forces  created  by  the  in-phase  actuation  of 
the  piezoelectric  patches  are  shown  in  Figure  8.  In  the  im¬ 


pedance  technique,  the  force  calculations  are  based  on  both 
the  actuator  and  the  structural  impedances.  In  Figure  5,  the 
direct  admittance  in  the  axial  direction  is  different  from  the 
direct  admittance  in  the  tangential  direction.  Thus,  if  the  ad¬ 
mittances  are  different,  the  dynamic  forces  produced  by  the 
actuators  should  also  be  different  in  the  axial  and  tangential 
directions.  This  can  be  observed  in  Figure  8.  The  dashed 
line  is  a  static  model  previously  developed  (Wang  and 
Rogers,  1991)  agrees  well  with  the  impedance  model  for  the 
force  in  the  x  direction  only.  However,  when  this  static 
model  or  other  static  models  are  used,  there  is  no  distinction 
between  the  two  directions  and  the  actuator  forces  are  thus 
mistakenly  assumed  to  be  equal.  At  the  natural  frequencies 
of  the  structure,  the  tangential  equivalent  force  developed  is 
larger  than  the  axial  equivalent  force.  This  behavior  is  a 
simple  characteristic  of  the  system,  the  structural  tangential 
admittance  being  smaller  than  the  direct  axial  admittance. 


Figure  7.  Structural  admittance  for  out-of-phase  actuation.  Slight 
difference  in  the  cross  admittances  due  to  the  transverse  shear 
stress  included  in  the  equations. 
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Figure  8.  Dynamic  equivalent  forces  produced  by  pure  in-phase  ac¬ 
tuation  on  the  structure  are  not  equal  in  the  axial  and  tangential 
directions. 

The  next  figure  (Figure  9)  shows  the  dynamic  equivalent 
moments  produced  by  pure  out-of-phase  actuation.  The 
conclusions  are  similar  to  those  of  in-phase  actuation,  and 
produced  moments  of  different  magnitude  in  the  axial  and 
tangential  directions. 

The  radial  displacement  response  to  in-phase  and  out-of¬ 
phase  dynamic  actuation  of  the  shell  at  (jc  =  0.09,  ^  =  90°) 
is  presented  in  Figure  10,  For  comparison  purposes,  the 
shell  response  using  static  modeling  (Wang  and  Rogers, 
1991)  is  also  presented.  The  most  remarkable  characteristic 
of  Figure  10  is  the  greater  authority  of  out-of-phase  actua¬ 
tion  when  compared  to  in-phase  actuation.  The  displace¬ 
ments  produced  by  out-of-phase  actuation  are  an  order  of 
magnitude  larger  than  the  displacements  obtained  from  in- 
phase  actuation.  This  behavior  is  predictable  based  on  the 
admittances  plots  (Figures  5  and  6),  since  the  shell  has 
greater  tangential  impedance.  Thin  shells  are  more  sensitive 


Figure  9.  Dynamic  equivalent  moments  produced  by  pure  out-of¬ 
phase  actuation  on  the  structure  are  not  equal  in  the  axial  and 
tangential  directions. 


Frequency  (Hz) 

Figure  10.  The  comparison  of  the  structural  response  between  in- 
phase  and  out-of-phase  actuation  shows  greater  authority  for  out-of- 
phase  actuation  at  (x  -  0.09,  6  =  90°). 

to  transverse  loading  (out-of-phase  actuation)  than  to  in¬ 
plane  loading  (in-phase  actuation).  The  transverse  natural 
modes  are  directly  excited  when  out-of-phase  actuation  is 
used,  while  they  are  only  excited  through  the  in-plane/out- 
of-plane  coupling  property  of  shells  when  in-phase  actua¬ 
tion  is  used.  The  resonant  frequencies  of  the  shell  based  on 
the  impedance  model  are  shifted  to  the  right  when  com¬ 
pared  to  the  resonant  frequencies  based  on  the  static  model. 
This  behavior  is  due  to  the  increased  stiffness  of  the  actua¬ 
tors  on  the  host  structure  which  is  included  in  the  im¬ 
pedance  model,  as  opposed  to  the  static  model  where  the  ac¬ 
tuator  stiffness  is  not  included. 

In  Figure  11,  the  shell  response  to  a  single  actuator 
bonded  on  the  inside  and  on  the  outside  of  the  shell  at  (x  = 
0.09,  6  =  90°)  is  shown.  Even  though  the  shell  is  thin,  the 
shell  response  is  different.  The  finite  element  analysis  that 
will  be  presented  in  the  next  section  verifies  this  shell  re- 


Figure  11.  Even  for  thin  shells,  the  structural  response  to  single 
side  actuation  (inside  and  outside  patches)  is  not  equal  at  (x  =  0. 09, 
e  =  90°). 
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sponse,  as  well  as  the  linear  combination  of  pure  in-phase 
and  out-of-phase  actuation  [Equation  (1)]  concept  to  model 
unsymmetrical  actuation.  Thus,  special  considerations 
should  be  taken  when  single  sided  actuation  is  used. 

A  number  of  other  cases  were  simulated  using  the  im¬ 
pedance  model,  but  only  the  most  relevant  information  ob¬ 
tained  from  them  will  be  discussed.  Firstly,  the  stiffness  of 
the  actuator  has  an  important  impact  on  the  behavior  of  the 
system.  A  thicker  actuator  will  produce  higher  forces  on  the 
host  structure,  but  it  will  also  be  more  difficult  to  model  the 
shell  response  due  to  the  increased  non-uniformity  of  the 
host  structure.  Changing  the  type  of  actuation  material  also 
changes  the  stiffness  of  the  actuator,  e.g.,  PVDF  has  a 
smaller  Young’s  modulus  than  piezoceramic  material,  and 
thus  will  have  a  lesser  authority  on  the  structure.  The  size  of 
the  actuator  patches  bonded  on  the  structure  also  needs  to  be 
considered  when  designing  such  structures.  Another  design 
parameter  is  the  location  of  the  actuator  patch  on  the  struc¬ 
ture:  the  mechanical  impedance  of  the  structure  is  depen¬ 
dent  on  the  actuator  location  and  will  thus  affect  the 
dynamic  forces  produced  by  the  actuators.  At  a  particular 
location,  the  actuator  patches  will  be  efficient  in  exciting 
some  resonant  frequencies,  while  another  location  will  be 
more  efficient  at  exciting  other  resonant  frequencies.  Many 
cases  using  different  shell  and  actuator  dimensions  were 
considered  and  all  showed  better  authority  when  oui-of- 
phase  actuation  is  used. 

FINITE  ELEMENT  VERIFICATION 

To  verify  the  derived  impedance  model,  a  finite  element 
analysis  of  the  case  study  presented  in  the  previous  section 
was  carried  out.  Making  use  of  symmetry,  the  finite  element 
model  consists  of  only  one  quarter  of  the  shell,  and  uses  thin 
shell  elements.  The  actuator  patches  are  also  modeled  with 
thin  shell  elements,  and  are  connected  to  the  shell  structure 
with  rigid  elements.  The  finite  element  analysis  will  only 


figure  12.  Structural  response  to  static  in-phase  actuation  based 
on  finite  element  analysis. 


Figure  13.  Structural  response  to  static  out-of-phase  actuation 
based  on  finite  element  analysis. 


consider  static  actuation  and  will  be  compared  to  the  im¬ 
pedance  model  with  an  excitation  frequency  of  5  Hz,  which 
is  well  below  the  first  natural  frequency  of  the  shell.  This 
model  does  not  make  any  assumption  on  the  actuator 
stiffness  or  mass.  Three  different  types  of  loading  on  the 
finite  element  model  were  considered.  Firstly,  thermal  con¬ 
traction  and/or  expansion  of  the  actuators  is  used  to  simulate 
in-phase  or  out-of-phase  actuation.  The  deformed  shapes  of 
the  shell  under  such  actuation  are  presented  in  Figures  12 
and  13. 

The  second  loading  type  use  line  forces  and  moments, 
and  uniform  pressures  applied  on  the  elements  modeling  the 
shell  structure  leaving  the  actuators  elements  in  the  model  to 
include  their  stiffness.  The  magnitudes  of  the  forces  and 
moments  are  based  on  the  actuators  free  expansion  and  are 
given  by  (Chaudhry  et  al.,  1994): 

A,  =  (32a) 

1  —  u 
Y^t 

M.,  =  (r,  +  (32b) 

The  displacements  obtained  by  this  second  model  matches 
almost  exactly  the  displacements  from  the  thermal  loading 
case,  and  is  thus  the  appropriate  way  to  apply  the  loading 
when  the  actuators  are  left  on  the  structure.  Finally,  the 
third  type  of  loading  also  use  line  forces  and  moments  and 
uniform  pressures  applied  on  the  elements  modeling  the 
shell  structure,  but  the  actuator  elements  are  removed  from 
the  model,  leaving  a  uniform  structural  stiffness.  However, 
for  this  case  the  magnitudes  of  the  forces  and  moments  are 
based  on  the  continuity  of  the  strains  at  the  interface  of  the 
shell  and  the  actuators,  which  is  often  referred  to  as  the 
Euler-Bernoulli  model,  and  are  given  by  (Chaudhry  et  al., 
1994): 
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M.,  =  {U  +  - - -d,^E  (33b) 

\  —  u  12  8 

6  +  l/'  +  J  +  jrt 

where  T  is  the  thickness  ratio  The  deformed  shape 
based  on  this  loading  is  the  same  as  the  two  previous  cases, 
but  differs  in  magnitude.  This  magnitude  difference  comes 
from  the  assumptions  made  in  the  derivation  of  the  equiva¬ 
lent  forces  and  moments  applied  to  the  shell.  In  the  equation 
derivation,  the  boundary  conditions  are  assumed  to  be  free. 
When  shells  are  considered,  the  structure  is  a  closed  body 
and  does  not  have  free  boundary  conditions,  since  stresses 
will  be  present  in  the  whole  shell.  The  same  phenomena  oc¬ 
curs  for  simpler  structures  such  as  beams  (Chaudhry  and 
Rogers,  1993).  When  the  beam  is  simply  supported,  the 
boundary  conditions  will  be  free  and  the  equivalent  loading 
based  on  the  Euler-Bemoulli  method  will  give  accurate 
results.  If  the  boundary  conditions  are  changed  to  clamped, 
the  assumed  stress  free  boundary  condition  in  the  equation 
derivation  is  no  longer  valid  and  will  produce  errors  in  the 
magnitude  of  the  structural  displacements.  In  Figures  14  and 
15,  the  displacements  of  the  shell  at  ;c  =  0.09  based  on  the 
two  loading  types  are  presented.  It  can  be  easily  seen  from 
the  displacements  that  the  deformed  shape  is  similar,  but 
differs  in  the  magnitude. 

The  final  step  in  this  paper  is  to  directly  compare  the  im¬ 
pedance  model  at  5  Hz  with  the  static  finite  element  model. 
For  both  in-phase  and  out-of-phase  actuation,  the  radial  dis¬ 
placements  based  on  the  impedance  model  match  the  finite 
element  results  in  shape,  but  not  in  magnitude  (Figures  14 
and  15).  In  the  impedance  modeling,  the  actuator  stiffness  is 
included  in  the  calculations  of  the  actuator  forces  output.  At 
that  point  of  the  modeling,  no  assumptions  have  been  made 
either  on  the  mass  or  the  stiffness  of  the  actuators.  When  the 
displacements  are  calculated  using  the  dynamic  actuator 
forces,  the  displacement  equations  [Equation  (15)]  are  based 
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Figure  14.  Comparison  of  the  displacements  of  the  static  finite  ele¬ 
ment  mode!  and  the  impedance  model  at  5  Hz  for  in-phase  actuation 
at  X  =  0.09. 
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Figure  15.  Comparison  of  the  displacements  of  the  static  finite  ele¬ 
ment  model  and  the  impedance  model  at  5  Hz  for  out-of-phase  ac¬ 
tuation  at  X  =  0.09. 

on  a  uniform  shell  stiffness,  not  including  the  increased 
mass  or  stiffness  due  to  the  actuators.  Neglecting  the  actua¬ 
tor  stiffness  will  reduce  the  stiffness  of  the  integrated 
system,  and  thus  produce  larger  impedance  model  displace¬ 
ments  seen  in  the  last  two  figures.  The  discrepancies  be¬ 
tween  the  impedance  model  and  the  finite  element  analysis 
will  reduce  with  decreasing  actuator  size  and  thickness. 

CONCLUSIONS 

In  this  paper,  an  impedance-based  model  to  predict  the 
dynamic  response  of  cylindrical  shells  subjected  to  excita¬ 
tion  from  surface-bonded  induced  strain  actuators  was  pre¬ 
sented.  The  strength  of  the  impedance  model  over  the  con¬ 
ventional  static  approach  is  the  inclusion  of  the  dynamic 
interaction  between  the  induced  strain  actuators  and  the  host 
structure.  In  its  derivation,  the  impedance  model  includes 
the  actuator  mass  and  stiffness  for  a  more  accurate  represen¬ 
tation  of  the  actual  system.  The  impedance  model  also  con¬ 
siders  the  different  shell  stiffnesses  in  the  axial  and  tangen¬ 
tial  directions.  Doing  so,  it  was  found  that  the  actuators’ 
dynamic  forces  in  the  axial  and  tangential  direction  are  not 
equal  and  are  frequency  dependent.  However,  in  the  shell 
response  calculations  the  actuator  mass  and  stiffness  are 
neglected  to  simplify  the  shell  governing  equations,  and  thus 
will  over-predict  the  displacements.  Out-of-phase  actuation 
is  shown  to  be  more  efficient  than  in-phase  actuation  in  ex¬ 
citing  the  lower  order  bending  modes  of  shell  structures. 
The  impedance-based  model  for  low  frequencies  was  vali¬ 
dated  by  a  static  finite  element  analysis. 
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In  a  piezoelectric  (PZT)  actuator-driven  adaptive  structure,  the  electromechanical  power  consumption  and 
power  flow  of  the  system  are  dominated  by  the  complex  electromechanical  impedance  of  the  system.  The  entire 
actuator/substrate  system  can  essentially  be  represented  by  a  coupled  electromechanical  system  model.  This  paper 
presents  such  a  system  model  to  quantitatively  determine  where  the  energy  goes  and  how  the  power  is  consumed 
in  an  active  structure.  The  formulation  of  a  coupled  electromechanical  admittance  for  a  generic  PZT  actuator- 
driven  two-dimensional  structure  was  developed.  The  model  was  then  used  to  predict  the  power  factor,  the  power 
dissipation,  and  the  power  requirement  of  the  system.  As  a  numerical  example,  the  modeling  approach  was  applied 
to  a  simply  supported  thin  plate  excited  by  a  pair  of  PZT  path  actuators  in  pure  bending  mode.  A  parametric  study 
was  performed  to  examine  the  nature  and  components  of  electromechanical  power  flow  and  consumption  in  the 
active  structure.  An  experiment  was  conducted  to  directly  measure  the  complex  electromechanical  admittance  of 
an  integrated  PZT/plate  system  to  verify  the  theoretical  model. 


Nomenclature 

a  ~  length  of  structure 

h  =  width  of  structure 

J  =  piezoelectric  constant 

E  =  electric  held 

F  =  force  output  of  piezoelectric  actuator 

H  =  mechanical  admittance 

h  =  thickness  of  structure 

/  =  current 

/  =  imaginary  part  of  a  complex  number 

k  =  wave  number 

=  dis.sipative  power 
=  reactive  power 
=  lime 

=  displacement  in  x  direction 
=  voltage 

u  =  displacement  in  y  direction 

5  =  Young’s  modulus 

Y  =  electromechanical  admittance 

Z  =  mechanical  impedance 

W  =  complex  power 

<5  =  dielectric  loss  factor 

e  =  strain 

rj  =  structural  loss  factor 

V  ~  Poisson’s  ratio 

p  =  mass  density 

<7  =  stress 

CD  =  angular  frequency 

Superscripi 

*  =  complex  parameter 

Subscripts 

p  =  parameters  of  piezoelectric  actuator 

A'  =  .x:  direction 

y  =  V  direction 
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0  =  magnitude  of  electrical  parameters 

1,2,3  =  piezoelectric  material  directions 


Introduction 


PIEZOELECTRIC  (PZT)  materials  have  been  widely  used 
as  actuators  and  sensors  in  active  structural  vibration  and 
acoustic  control  because  of  their  compact  size  and  good  dy¬ 
namic  performance.'"'  A  great  deal  of  effort  has  focused  on 
the  analysis  and  optimization  of  the  mechanical  performance  of 
PZT  transducers.'"^  However,  investigations  of  the  power  con¬ 
sumption  and  electrodynamics  of  PZT  actuator-driven  adaptive 
structures  have  been  limited.  There  appears  to  be  little  in  the  lit¬ 
erature  on  the  topic  of  power  relations  for  active  structures.  In 
fact,  adaptive  structures  are  complex  electromechanical  coupling 
systems  in  which  electrical  energy  is  converted  into  mechanical 
energy  and  vice  versa.  The  ability  and  efficiency  of  the  energy 
conversion  of  the  actuators  is  always  of  concern  in  the  design 
and  application  of  active  structures,  especially  for  aerospace  ap¬ 
plications.  Large  and  complex  aerospace  structures  may  require 
a  great  number  of  relatively  large  actuators,  which  will  dictate 
large,  expensive  power  supplies.  Thus,  minimizing  the  power  con¬ 
sumption  and  enhancing  the  energy  conversion  efficiency  ot  actu¬ 
ators  will  result  in  reductions  in  the  cost  and  mass  of  the  system, 
two  of  the  major  objectives  in  designing  intelligent  structures.^  To 
achieve  this,  it  is  highly  desirable  to  explore  the  nature  and  compo¬ 
nents  of  electromechanical  power  flow  and  consumption  in  active 
structures. 


Liang  ei  al.“’  suggested  a  coupled  electromechanical  analysis  tor 
a  piezoelectric  actuator-driven  spring-mass-damper  system  and  dis¬ 
cussed  the  concepts  of  actuator  power  factor  and  energy  transfer 
of  the  system.  Lomenzo  el  al."  developed  a  technique  to  maxi¬ 
mize  mechanical  power  transfer  from  stacked  PZT  actuators  to  host 
structures.  Hagood  et  al.‘  proposed  a  dynamic  model  to  include 
the  coupling  between  the  actuator,  structure,  and  electrical  network. 
The  model  is  based  on  a  finite  element  analysis  using  the  Rayleigh- 
Ritz  energy  formulation.  However,  his  work  does  not  discuss  elec¬ 
tromechanical  power  relations  in  active  structures,  and  the  actuator 
force  loading  is  not  explicitly  expressed  as  a  function  ot  the  in¬ 
put  impedance  of  the  actuator  itself  and  the  mechanical  impedance 
of  the  host  structure.  A  mechanical  impedance  model  applicable 
to  two-dimensional  structures'"^  focused  on  quantifying  the  me¬ 
chanical  outputs  of  PZT  actuators;  and  this  model  now  needs  to  be 
extended  to  include  system  electrical  parameters  to  analyze  elec¬ 


tromechanical  power  flow  and  consumption  in 
active  structures. 
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The  concept  of  energy  conversion  in  a  PZT  actuator-driven  system 
involves  a  two-step  conversion:  one  is  the  energy  transfer  from  the 
support  power  electronics  to  the  integrated  PZT/substrate  mechan¬ 
ical  system;  the  other  is  the  energy  conversion  from  the  electrical 
energy  of  the  PZT  actuator  to  the  mechanical  energy  driving  the  host 
structure.  The  focus  of  this  current  work  is  on  the  analysis  of  the 
second-step  energy  conversion,  i.e.,  the  electromechanical  power 
consumption  and  power  flow  in  PZT  actuator-driven  active  struc¬ 
tures.  In  this  paper,  the  formulation  of  a  coupled  electromechan¬ 
ical  admittance  for  generic  two-dimensional  PZT  actuator-driven 
structures  will  be  derived.  The  model  will  be  used  to  analyze  the 
components  of  the  electromechanical  power  flow,  and  to  determine 
the  power  consumption  and  energy  conversion  efficiency  of  an  in¬ 
tegrated  PZT/plate  system.  A  parametric  study  will  examine  the 
effects  of  different  system  elements  on  power  dissipation  and  en¬ 
ergy  transfer,  including  the  effects  of  damping  and  geometric  pa¬ 
rameters.  An  experiment  on  a  simply  supported  thin  plate  using  an 
impedance  analyzer  will  be  conducted  so  that  the  theoretical  model 
can  be  validated. 

Coupled  Electromechanical  System  Model 

A  schematic  of  a  two-dimensional  PZT/substrate  coupling  system 
is  shown  in  Fig.  1 .  The  PZT  element  is  used  as  an  actuator  to  excite 
the  host  structure.  It  is  assumed  that  the  integrated  system  is  linear, 
and  the  host  structure  is  a  generic  two-dimensional  structure.  The 
host  structural  dynamics  are  represented  by  the  direct  impedance 
and  Zyy,  and  the  cross  impedance  Z^y  and  Zy.?,  as  shown  in 
Fig.  1.  When  a  voltage  is  applied  to  the  piezoelectric  patches  along 
the  polarization  direction  (3),  an  in-plane  strain  is  induced  in  the 
PZT  actuator  in  both  the  x(l)  and  y(2)  directions.  This  induced 
strain  applies  active  forces  (F^  and  Fy)  on  the  host  structure.  Thus, 
only  the  in-plane  motion  of  the  actuator  is  considered  in  the  fol¬ 
lowing  development  of  formulations.  Furthermore,  it  is  assumed 
that  the  PZT  material  is  isotropic,  which  results  in  d's\  =  ^32.  The 
in-plane  motion  of  the  actuator  is  similar  to  an  equivalent  thermal 
expansion  or  contraction  occurring  in  both  x  and  y  directions.  The 
equation  of  motion  of  the  PZT  actuator,  derived  from  Newton’s 
law  of  motion  and  strain-displacement  compatibility,  may  be 


Fig,  1  Coupled  electromechanical  model  of  a  two-dimensional  inte¬ 
grated  PZT/substrate  system. 

Applying  the  equivalent  displacement  boundary  conditions  w,=o  = 
0  and  Uv=()  =  0,  as  shown  in  Fig.  1,  to  Eq.  (3),  the  response  of  the 
PZT  actuator  is  reduced  to 

u  =  A  s'\n{kpx)e^'^‘  (5a) 

u  =  C  sin{kpy)e^'^'  (5b) 


The  unknowns  A  and  C  may  be  evaluated  from  the  constitutive 
equation  of  the  PZT  material  at  x  =  Up  and  y  =  bp 


where  and  CU2  are  the  piezoelectric  constants  of  the  PZT  material 
in  the  1  and  2  directions,  respectively.  The  force  outputs  of  the  PZT 
actuator,  F,  and  Fy,  are  equal  and  opposite  to  the  reactions  of  the 
host  structure.  The  induced  stress  at  the  edge  of  the  PZT  patch 
rTj(y)  may  be  expressed  using  the  mechanical  impedance  of  the  host 
structure 

0  \/Z„  ,7. 

\  ^.v  /  \  ^  ^  / i^p^p)  )  \  ^yx  ^yy  /  \  ^  / 

Substituting  Eqs.  (5)  and  (7)  into  Eq.  (6)  and  taking  the  algebraic 
operation  to  rearrange  A  and  C  yields 


kpCa 


bpZy,  Z,, 

Vp-—~  -F  — 
^p^pxx  ^pxx 


bp  Zxy 

pxx 


Zxx 
’  Zpxx 


kpCu 


\bpZ^yy 


Op^YX  Zvv  \ 

'>r  ,  7'  +  y —  ) 

^P^pyy  ^pyy  / 


(8) 


expressed  by 

i)^U 

(la) 

J-V 

(lb) 

where  5*  is  the  Complex  Young’s  modulus  at  a  zero  electrical 
field 


S;  =  Sp{\+ir}p)  (2) 

The  sinusoidal  time  response  of  the  PZT  actuator  can  be  solved 
fromEq.  (1), 

u  -  [As\n{kpux)  +  B  cos{kpux)]e''^^  (3a) 

u  =  [C  s\nikp22y)  +  Dcos(kp22y)y*^'  (3b) 

where  A,  B,C,  and  D  are  unknowns  and  can  be  determined  by  the 
boundary  conditions;  and  the  wave  number  is  expressed  by 

kp  =  kpw  =  kp22  =  Pp/Sp  (4) 


where  =  cos{kpGp)  and  C/,  —  cos{k pb p) .  Zp^x  snd  Zpyy  are 
the  input  mechanical  impedance  of  the  PZT  actuator  in  the  x  and  y 
directions,  defined  as 


fjL  —  i  kpbp 

II  CO  tan(/c^fl^) 


(8a) 


^pbp  k  pCi  p 

CO  ian{kpbp) 


(8b) 


Solving  the  unknowns  A  and  C  from  Eq.  (8)  leads  to 


where  [M]  is  the  coefficient  matrix  of  A  and  C  in  Eq.  (8).  Substi¬ 
tuting  Eqs.  (5)  and  (10)  into  Eq.  (7),  the  dynamic  stress  output  of 
the  PZT  actuator  is  then  determined  by 
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The  constitutive  equation  of  the  PZT  material  is  again  invoked  in 
terms  of  the  electrical  displacement  field  Dy  in  the  z(3)  direction^ 


from  view 


where 


^33  —  ^33 


(13) 


is  the  complex  dielectric  constant  at  a  constant  stress.  Substituting 
Eq.  (11)  into  Eq.  (12)  and  letting  ^^32  =  <^31  yields  the  electrical 
displacement  field 


£>3  =  £  <  eU  + 


1  - 


kp[cos{kpX)cos{kpy)] 


x[W]-'(|) -2))  (14) 

where  the  applied  electric  field  £  can  be  expressed  in  terms  of  the 
applied  voltage  V 


£  = 


hp 


(15) 


The  charge  in  the  PZT  patch  can  be  obtained  by  integrating  the 
displacement  in  Eq.  (14)  with  respect  to  x  and  y 


(i  = 


O3  dAdy 


The  current  is  thus  given  by 
/  -  /o^'^  =  q 


M/ 

hn 


2^3^; 


^31 


1  -  V, 


X  [M]' 


(16) 


(17) 


Fig.  2  Geometry  of  a  surface-bonded  PZT  actuator-driven  simply  sup¬ 
ported  (SS)  plate. 


As  an  example,  we  consider  a  simply  supported  thin  plate,  as 
shown  in  Fig.  2.  Two  PZT  actuators  are  assumed  perfectly  bonded 
on  the  top  and  bottom  surfaces.  When  a  voltage  is  applied  to  the 
PZT  patches  along  the  polarization  direction  3,  the  PZT  actuators 
can  be  actuated  out-of-phase.  This  actuation  creates  two  pairs  of 
line  bending  moments  at  the  boundaries  of  the  PZT  patch.  Under 
the  actuation  of  the  line  moments,  an  analytical  solution  of  the  me¬ 
chanical  admittance  matrix  of  a  simply  supported  plate  at  the  mid 
point  of  the  edge  of  the  PZT  patch  was  derived  by  the  authors,*^ 
results  were 

.2jr(/i  + /?p)“w 

I  r  —  ^  . 


m  =  \  n  =  I 


n-CjCy  sin[/t7r(yi  +  yi) / i2b)]\ 


n(a 


7 


(20) 


Hyy  =  '■ 


2n(h  -h  hpfoj 


/«“C;,Cjsin[m;r(Ai  +A2)/(2a)]\ 


(21) 


where  si  =  sin{kpap)  and  si  =  s{n{kpbp).  When  the  PZT  actuator 
is  driven  by  an  active  voltage  V,  the  current  in  the  circuit  /  is 
related  to  the  driven  voltage  through  the  coupled  electromechanical 
admittance,  Y*  =  IjV .  Accordingly,  rewriting  Eq.  (17)  produces 
the  coupled  electromechanical  admittance 


F* 


1  ~  1^/, 


+ 


4^; 
1  - 


It  is  noted  that  the  admittance  Y*  represents  the  integrated  elec¬ 
tromechanical  characteristics  of  a  piezoelectric  actuator-driven  sys¬ 
tem,  and  it  is  frequency  dependent.  The  complex  admittance  Y' 
contains  all  of  the  parameters  concerning  the  system  electrodynam¬ 
ics  performance,  including  mass,  stiffness,  damping,  material  and 
physical  properties,  electrical  parameters,  and  boundary  conditions. 
Once  these  parameters  are  selected,  the  admittance  will  be  deter¬ 
mined.  The  input  structural  impedance  of  the  PZT  actuator  is  given 
by  Eq.  (9).  The  mechanical  impedance  matrix  of  the  host  structure 
in  Eq.  (7)  is  determined  by 


/Z,, 

Hyy 

V 

Uv, 

Zyy  ) 

'  V  v 

Hyy 

) 

where  H^x  and  Hyy  are  the  direct  mechanical  admittances  of  the 
host  structure  at  the  edge  of  the  PZT  patches,  and  Hxy  and  Hyx  are 
the  cross  mechanical  admittances. 


Hxy  =  H,.x 


271  (/z  -h  flp)^CO 
pha'^bhp 


/n  =  I  «  =  1 


mCxC^.  sin[m7r(Ai  -f  X2)/(2a)]  \ 

"L  -  j 


(22) 


where  =  cos(mnxi/a)  —  cos(m7rA2/a)  and  C,,  =  cos(m7ryi/^) 
-  cos(m;ry2/^).  As  illustrated  in  Fig.  2,  ai,  A2,  yi,  and  y:  are  the 
location  coordinates  of  the  edges  of  the  PZT  patches  on  the  plate. 
The  resonant  frequency  of  the  plate  can  be  determined  from  the 
homogeneous  equation  of  the  transverse  motion  of  the  plate;  and  m 
and  n  are  the  modal  indices  in  the  x  and  y  directions,  respectively. 

It  is  noted  that  the  structural  admittance  is  a  function  of  driving 
point  location  on  the  structure,  and  the  admittance  along  the  edge  ol 
the  PZT  patch  is  different.  The  numerical  calculations  have  shown 
that  the  midpoint  admittance  is  a  very  good  approximation  of  the 
average  admittance  along  the  edge  ofthe  path.  For  simplification 
and  not  losing  generality,  the  admittance  at  the  midpoint  of  the  edge 
of  the  PZT  patch  is  used  to  represent  the  admittance  characteristics 
of  the  plate,  as  expressed  in  Eqs.  (20-22). 

Once  the  mechanical  admittance  (impedance)  is  obtained,  the  co¬ 
upled  electromechanical  admittance  of  an  integrated  PZT/substrate 
system  can  be  determined  from  Eq.  (18).  The  electromechanical 
power  consumption  and  flow  of  the  system  can  then  be  predicted, 
which  will  be  developed  later. 

So  far,  the  assumption  made  in  the  derivation  is  that  the  sys¬ 
tem  is  linear,  and  the  host  structure  is  a  generic  two-dimensional 
structure.  The  formulation  Eq.  (18)  is  a  generic  solution  for 
coupled  admittance  of  a  system  and  can  be  applied  to  general 
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two-dimensional  structures.  For  complex  structures  with  irregular 
geometry,  Eq.  (18)  is  still  applicable,  although  a  close-form  solu¬ 
tion  of  the  structural  impedance  is  difficult  to  obtain.  In  this  case,  the 
structural  impedance  can  be  determined  from  either  finite  element 
analysis  or  experiments. 

Electromechanical  Power  Consumption  and  Power  Flow 

Since  a  PZT  actuator  acts  as  a  plate  capacitor,  when  a  voltage 
V  =  is  applied  to  it,  the  current  in  the  circuit  can  be  expressed 

by 


The  real  power  is  eventually  converted  into  internal  heat  in  the 
system,  resulting  in  heat  generation  and  inducing  thermal  stress  in 
the  PZT  actuator. The  first  two  parts  of  the  system  power  consump¬ 
tion  just  mentioned  are  directly  used  in  driving  the  host  structure. 
They  may  be  considered  to  represent  the  total  mechanical  power 
dissipation  in  the  system.  A  suggested  actuator  power  factor  P F,,  is 
defined  as'*’ 

dissipative  mechanical  power  ReCF*) 

^ - - - =  — (29) 

apparent  power  \Y*\ 


/  =  (23) 

where  (p  is  the  phase  between  the  current  and  voltage.  The  electrical 
power  supplied  to  the  PZT  actuator  is  actually  decomposed  into  two 
components  P  and  Q.  The  real  (dissipative)  power  is 

h)Vu  v;? 

P  ^ —cos  (f>  ^  —Rc{Y^)  (24) 

2  2 

where  cos  <p  is  called  the  power  factor.  The  reactive  power  is 

Q  =  =  (25) 

Physically,  the  real  power  is  the  electrical  power  supplied  to  the 
PZT  actuator  and  converted  into  mechanical  power  to  drive  the  host 
structure.  The  reactive  power  is  the  power  circulating  between  the 
electrical  power  source  and  the  integrated  PZT/structure  system. 
The  total  power  may  be  expressed  as 

W^^P+iQ  (26) 


The  magnitude  of  the  complex  power  is  defined  as  the  apparent 
power. 

VV„  =  +  =  ^  =  (27) 

where  Fo  is  the  magnitude  of  the  admittance  F*.  The  apparent  power 
reflects  the  power  requirement  of  the  system  which  includes  both 
the  dissipative  power  and  the  reactive  power.  The  emphasis  of  the 
current  work  is  on  the  analysis  of  the  dissipative  power  consump¬ 
tion  of  a  PZT  actuator-driven  structure.  When  power  supplies  are 
considered  in  the  system  modeling,  the  reactive  power  in  the  system 
will  oxen  an  important  influence  on  the  power  requirement.  In  that 
case,  a  large  reactive  power  is  usually  expected  as  a  high-current 
demand  is  required  from  the  power  supply,  in  addition,  the  dissi¬ 
pative  power  consumed  in  the  power  supply  itself  should  also  be 
considered  in  the  power  requirement  for  the  integrated  system  as  a 
whole.  Future  work  will  include  the  electronics  of  power  supplies 
in  order  to  determine  the  overall  power  requirement. 

Substituting  Eq.  (27)  into  Eq,  (24),  the  power  factor  is  rewritten 
as 


FP  —  cos  (p  = 


Re(F*) 


P 


(28) 


The  power  factor  FP  is  the  ratio  of  the  dissipative  power  to  the 
apparent  power  and  represents  the  energy  conversion  efficiency  from 
electrical  power  to  mechanical  power  in  the  integrated  PZT/substrate 
system.  It  is  noted  that  the  dissipative  power  consumption,  the  power 
requirement,  and  the  energy  conversion  efficiency  of  the  system  are 
strongly  related  to  the  coupled  electromechanical  admittance  F*. 

The  dissipative  (real)  power  in  an  integrated  PZT/substrate  system 
includes  three  parts: 

The  first  is  the  power  dissipated  by  the  structural  damping  of 
the  host  structure,  which  is  related  to  the  structural  loss  factor  r] 
in  the  complex  Young’s  modulus.  This  power  is  proportional  to 
the  mechanical  vibration  power  of  the  host  structure.  Second  is  the 
power  consumed  by  the  structural  damping  of  the  PZT  actuator, 
which  is  associated  with  the  mechanical  loss  factor  Tjp  of  the  PZT 
actuator.  Third  is  the  power  consumption  caused  by  the  dielectric 
loss  of  the  PZT  actuator,  which  is  related  to  the  dielectric  loss  factor 
8p  in  the  complex  dielectric  constant. 


in  which  F^*  is  calculated  by  assuming  the  dielectric  loss  factor  <5^,  to 
be  zero  in  Eq.  (18).  Apparently,  the  difference  between  the  system 
power  factor  [Eq.  (28)]  and  the  actuator  power  factor  [Eq.  (29)] 
is  that  the  former  includes  the  dielectric  power  consumption  of  the 
PZT  actuator  in  the  dissipative  power  consumption.  When  the  power 
factor  is  experimentally  determined,  the  system  power  factor  should 
be  used  because  the  dielectric  loss  of  the  PZT  actuator  is  usually 
not  zero  in  a  real  system.  In  this  paper,  the  system  power  factor  is 
used  in  the  following  numerical  examples.  A  comparison  between 
the  system  power  factor  and  the  actuator  power  factor  will  also  be 
performed. 


Parametric  Study  and  Discussion 

A  parametric  study  is  conducted  in  this  section  to  quantitatively 
examine  how  the  dissipative  power  is  consumed  in  the  system  and 
how  much  power  is  required  to  drive  the  system.  The  influence  of 
the  thickness  and  the  location  of  the  PZT  actuator  is  also  discussed. 

A  thin  plate  made  of  aluminum  is  used  in  the  numerical  example. 
The  size  of  the  plate  is  304.8  x  203.2  x  1 .53  mm.  Two  PZT  actuators 
are  symmetrically  bonded  on  the  plate  and  located  at  X]  —  50.8  mm 
and  Vi  =:  25.4  mm,  as  shown  in  Fig.  2.  The  size  of  the  PZT  patch  is 
50.8  X  50.8  X  0. 19  mm.  The  PZT  material  is  G1 195.  The  basic  ma¬ 
terial  properties  are  listed  in  Table  1.  It  is  assumed  in  the  numerical 
ca.se  that  the  magnitude  of  the  voltage  applied  to  the  PZT  actuator 
is  20  V. 

Figure  3  illustrates  the  components  and  distribution  of  the  di,ssipa- 
tive  (real)  power  in  the  frequency  domain.  The  solid  line  represents 
the  total  dissipative  power.  The  dashed  line  is  the  power  consump¬ 
tion  of  the  mechanically  loss  of  the  plate  obtained  from  Eq.  (24) 
by  assuming  8p  =  t]p  =  0.  The  dash-dotted  line  is  the  power  con- 
.sumption  from  the  mechanical  loss  of  the  PZT  actuator,  found  by 
setting  8p  =  =  0  in  Eq.  (24).  The  doited  line  is  the  power  con¬ 

sumed  by  the  dielectric  loss  of  the  PZT  actuator,  found  by  assuming 
ri  =  rjp  =0  \n  Eq.  (24). 

It  is  clearly  seen  in  Fig.  3  that  at  the  resonant  frequencies,  the 
dissipative  power  is  primarily  consumed  by  the  structural  damping 
of  the  plate,  whereas  at  off  resonance,  it  is  significantly  affected  by 
the  dielectric  loss  of  the  PZT  itself.  The  mechanical  damping  of 
the  PZT  actuator,  however,  has  a  slight  influence  on  the  real  power 
consumption  because  of  its  small  size. 


Fig.  3  Dissipative  power  of  an  integrated  PZT/substrate  system: - 

total  dissipative  power  of  PZT/plate  system;  -  -  -  -  mechanical  power 

consumption  (plate); . mechanical  power  consumption  (PZT): 

. dielectric  power  consumption  (PZT).  ^ 
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Table  1  Material  properties  of  the  PZT  and  the  aluminum 


Young’s 

Mass 

Piezoelectric 

Dielectric 

modulus, 

density 

Poisson 

constants. 

constant. 

Dielectric 

Loss 

N/m^ 

kg/m^ 

ratio 

mN 

F/m 

loss 

factor 

PZT  6.3  X  10‘” 

7650 

0.3 

-1.66  X 

1.5  X  10"^ 

0.015 

0.005 

Aluminum  6.9  x  10*^’ 

2700 

0.33 

N/A 

N/A 

N/A 

0.005 

Frequency  (Hz) 

Fig.  6  Influence  of  the  plate  loss  factor  on  the  dissipative  power  and 

Fig.  4  Apparent  power  of  a  PZT/plate  system.  power  factor  of  a  PZT/pIate  system: - loss  factor  of  plate:  0.005; 

- -  loss  factor  of  plate:  0.001. 


100  200  300  400  500  600 

Frequency  (Hz) 


Fig.  5  Comparison  of  system  power  factor  and  actuator  power  factor: 
- system  power  factor;  -  -  -  -  actuator  power  factor. 

Figure  4  shows  the  characteristics  of  the  apparent  power  of  the 
system.  The  peak  power  appears  at  the  fifth  mode  in  the  range  of  less 
than  650  Hz,  and  it  can  be  used  to  estimate  the  power  requirement  of 
the  system  in  this  frequency  band.  The  power  consumption  signif¬ 
icantly  goes  up  when  the  excitation  frequency  increases.  Once  the 
interesting  frequency  band  is  determined,  the  power  requirement  of 
the  system  can  be  numerically  predicted. 

Figure  5  demonstrates  the  difference  of  the  power  factor  pre¬ 
dicted  from  Eq.  (28)  and  Eq.  (29),  respectively.  At  resonant  fre¬ 
quencies,  the  power  factor  is  maximized  because  of  the  minimum 
resistance  to  the  structural  vibration.  Both  the  system  power  factor 
and  the  actuator  power  factor  give  the  same  prediction.  At  off  reso¬ 
nance,  however,  the  actuator  power  factor  is  much  smaller  than  the 
system  power  factor  because  the  dissipative  power  is  dominated  by 
the  dielectric  loss  behavior  of  the  PZT  actuator.  Assuming  a  zero 
dielectric  loss  gives  a  very  low-power  consumption,  resulting  in  a 
low-actuator  power  factor. 

When  the  damping  value  in  the  system  changes,  the  basic  relations 
of  the  power  consumption  as  shown  in  Fig.  3  are  still  applicable. 
Figure  6  illustrates  that  if  the  loss  factor  of  the  plate  increases  from 
0.00 1  to  0.005,  the  dissipative  power  goes  up  at  resonant  frequencies 
and  increases  slightly  at  off  resonance.  In  contrast,  Fig.  7  shows  that 
if  the  dielectric  loss  factor  of  the  PZT  actuator  doubles  from  0.015 


Frequency  (Hz) 

Fig.  7  Influence  of  the  PZT  actuator  dielectric  loss  factor  on  the  dis¬ 
sipative  power  and  power  factor  of  a  PZT/plate  system: - dielectric 

loss  factor  of  PZT:  0.015; - dielectric  loss  factor  of  PZT:  0.03. 

to  0.03,  the  dissipative  power  and  the  power  factor  increase  by  about 
50%  at  off-resonant  frequencies  and  remain  the  same  at  the  resonant 
frequencies. 

The  geometric  parameters  of  the  PZT  actuator,  such  as  the  thick¬ 
ness  and  the  location,  have  significant  influence  on  the  dissipative 
power  and  the  power  factor  because  the  mechanical  impedance  ot 
the  system  strongly  varies  with  these  geometric  parameters. Un¬ 
der  the  assumption  of  the  constant  magnitude  of  the  applied  voltage 
(uo  =  20  V),  when  the  thickness  of  the  PZT  patch  increases  from 
0.19  mm  to  2  x  0.19  mm  and  4  x  0.19  mm,  the  real  power  com 
sumption  decreases  on  the  whole  frequency  band,  as  displayed  in 
Fig.  8.  The  power  factor  also  decreases  at  off  resonance.  However, 
the  power  factor  has  a  complicated  variation  at  the  resonant  fre¬ 
quencies.  The  observation  indicates  that  when  the  thickness  of  the 
PZT  actuator  varies,  the  maximum  power  factor  will  depend  on  the 
individual  mode.  Another  important  observation  in  Fig.  8  is  that 
the  resonant  frequencies  of  the  system  apparently  shift  to  higher 
values  when  the  thickness  of  the  PZT  actuator  increases.  It  can  be 
explained  that  the  added  PZT  patches  stiffen  the  original  plate  and 
shift  the  resonant  frequencies  to  the  high  values. 

Figure  9  shows  that  when  the  location  of  the  PZT  actuator  on 
the  structure  varies,  the  mechanical  impedance  changes  and  so  does 

^3 
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Fig.  8  Influence  of  the  PZT  thickness  on  the  dissipative  power  and 

power  factor  of  a  PZT/plate  system: - hp  =  0.19  mm; - hp  =  0.38 

mm; . hp  =  0.76  mm. 


Frequfncy  (Hz) 


Fig.  10  Measured  and  predicted  complex  electromechanical  admit¬ 
tance  of  a  PZT/plate  system: _ experimental  data;  _  _  ,  coupled 

impedance  model. 


position  #1  positton  *f2 


Fig.  9  Influence  of  the  PZT  location  on  the  di.ssipativc  power  and  power 
factor  of  a  PZT/plate  system: - location  #1 ;  -  -  -  -  location  #2. 


the  power  consumption  of  the  system.  Note  that  when  the  center  of 
the  PZT  actuator  locates  at  the  node  line  position  in  the  .v  direction 
(location  2),  the  corresponding  modes,  i.e.,  the  second  and  the  fifth 
modes,  are  tailored  off  since  little  mechanical  vibrational  energy  is 
.supplied  to  these  vibrational  modes. 

Experimental  Verification 

A  simply  supported  thin  plate  integrated  with  surface-bonded 
PZT  patches  was  built  and  tested  to  validate  the  coupled  electrome¬ 
chanical  system  model.  The  size  and  physical  properties  of  the  plate 
and  the  PZT  material  are  the  same  as  those  used  in  the  numerical 
calculation  in  the  previous  section.  An  HP  4194A  impedance/gain- 
phase  analyzer  was  used  to  directly  measure  the  coupled  electrome¬ 
chanical  admittance  of  the  piezoelectric  actuator-driven  plate.  Then, 
a  comparison  between  the  theoretical  mode!  and  the  experimental 
results  was  performed. 

Figure  10  illustrates  the  measured  and  predicted  complex  ad¬ 
mittance  of  the  system  in  terms  of  the  real  part  and  the  imaginary 
part,  respectively.  The  corresponding  power  factor,  calculated  from 
the  experimental  data  using  Eq.  (28),  is  displayed  in  Fig.  11.  In 
both  figures,  the  theoretical  prediction  based  on  the  complex  system 
impedance  (dashed  line)  agrees  well  with  the  experimental  data 
(solid  line).  The  coupled  electromechanical  system  model  has  pro¬ 
vided  a  reasonably  accurate  prediction  of  the  power  consumption 
and  the  energy  conversion  efficiency  of  the  PZT  actuator-driven 


Fig.  U  Measured  and  predicted  power  factor  of  a  PZT/plate  system. 


system.  It  should  be  noted  that  the  maximum  difference  between 
the  theoretical  model  and  the  experimental  results  appears  at  the 
fifth  mode,  i.e.,  (2,  2)  mode.  It  may  be  explained  that  when  the  geo¬ 
metric  center  of  the  PZT  actuator  locates  on  the  antinodc  position  of 
the  host  plate  (jt  =  76.2  mm,  y  =  50.8  mm),  the  excitation  of  that 
mode  is  maximized.  The  inertial  effect  caused  by  the  added  mass 
loading  of  the  PZT  patch  is  then  intensified,  The  measured  resonant 
frequency  and  the  response  of  this  mode  (the  fifth  mode  (2,  2)]  are 
thus  smaller  than  those  predicted  by  the  theoretical  model. 

Summary 

A  coupled  electromechanical  system  model  for  a  generic 
two-dimensional  piezoelectric  actuator-driven  .structure  has  been 
developed  to  predict  the  electromechanical  power  consumption  and 
power  flow.  This  modeling  approach  is  helpful  in  understanding 
where  the  energy  goes  and  in  designing  induced  strain  actuators 
and  energy-efficient  intelligent  structures. 

The  coupled  electro-mechanical  system  model  has  been  experi¬ 
mentally  verified. 

The  parametric  study  has  demonstrated  that  the  dissipative  power 
supplied  to  the  PZT  actuator  is  primarily  consumed  by  the  mechan¬ 
ical  damping  of  the  host  structure  at  resonant  frequencies  and  is 
dissipated  by  the  dielectric  loss  of  the  PZT  il-self  at  off  resonance. 

The  thickness  and  location  of  the  PZT  actuator  have  an  impact  on 
the  dissipative  power  consumption  and  power  factor  of  the  integrated 
system  because  these  geometric  parameters  may  cause  significant 
changes  in  the  mechanical  impedance  of  the  system. 

Future  work  on  system  power  consumption  will  include  the  elec¬ 
tronics  of  power  supplies  in  order  to  determine  the  overall  power 
requirement.  Additional  work  will  also  focus  on  power  flow  rela¬ 
tions  under  closed-loop  control. 
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Abstract 


The  actuator  power  factor,  defined  as  the  ratio  of  the 
structural  dissipative  mechanical  power  to  the  apparent 
supplied  electrical  power;  describes  the  effectiveness  of 
the  electromechanical  actuator  to  convert  supplied  elec¬ 
trical  energy  to  mechanical  energy  which  in-tum  produces 
the  desired  structural  response.  If  measured  experimen¬ 
tally,  it  can  be  used  to  optimize  the  actuator  location  for 
complex  stnictures.  This  paper  describes  the  actuator  lo¬ 
cation  optimization  for  an  aircraft  panel  type  structure 
with  applications  in  aircraft  interior  acoustic  and  struc¬ 
tural  vibration  control.  The  experimental  power  factor 
results  for  this  structure  were  validated  by  comparing  the 
maximum  power  factor  in  a  given  region  to  the  specific 
panel  mode  shape  as  generated  by  a  finite-element  model. 
The  results  showed  good  correlation  between  the  experi¬ 
mentally  measured  power  factor  data  and  the  panel  mode 
shapes.  The  future  implications  of  this  work  are  towards 
the  design  of  a  power  factor  meter  for  a  cost  as  well  as  a 
time  effective  means  of  actuator  location  optimization . 


I.  Background 

The  concept  of  actuator  power  factor  is  based  on  the 
ability  of  an  integrated  induced  strain  actuator  such  as  a 
piezoelectric  (PZT)  actuator  to  transfer  supplied  electri¬ 
cal  energy  into  structural  mechanical  ene^.<^^  For  a  given 
structure,  the  location  and  configuration  of  an  actuator 
will  directly  influence  the  authority  of  the  actuator  to¬ 
wards  exciting  the  structure.  Therefore  by  maximizing 
the  average  power  factor  for  a  given  frequency  interval, 
the  actuator  driving  authority  can  be  maximized. 

Theoretically  the  actuator  power  factor  is  defined  as 
the  ratio  of  the  real  part  of  the  PZT  actuator  electrome¬ 
chanical  admittance  to  the  magnitude: 


P.F.= 


Re(r) 

in  ’ 


(1) 


where  Y,  is  the  PZT  actuator  electromechanical  admit¬ 
tance.  The  actuator  power  factor  approach  has  been  ana- 
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lyrically  as  well  as  experimentally  verified  for  the  simple 
case  of  a  cantilever  beam.^^^  Experimentally,  the  power 
factor  was  measured  using  an  HP4 194A  Impedance  Ana¬ 
lyzer  and  a  removable  PZT  actuator  unit  as  shown  in  Fig. 
1. 


The  design  allows  for  the  relocation  of  the  same  PZT  ac¬ 
tuator  to  various  locations  on  the  structure  to  obtain  a 
power  factor  map.  The  power  factor  results  using  this  re¬ 
movable  unit  showed  good  similarities  between  the  ex¬ 
perimental  and  the  analytical  results  for  the  simple  struc¬ 
ture.  The  same  unit  was  used  to  excite  the  complex  struc¬ 
ture  described  in  this  paper 


11.  Complex  Structure  Analysis 

Since  typical  low  frequency  noise  within  aircraft 
occurs  due  to  the  side-wall  panel  or  structural  vibra- 
tions,^^  a  complex  structure  resembling  an  aircraft  panel 
was  tested  for  actuator  location  optimization  using  the 
power  factor  approach.^^^  The  panel  model  shown  in  Fig. 
2  on  the  next  page,  has  the  pertinent  dimensions  labeled 
on  the  figure  and  is  constructed  of  structural  aluminum. 
The  panel  skin  thickness  is  0.0008  m.  The  stiffeners  (L- 
section  beams)  for  this  panel  are  0.0254  m  beams  for  the 
outer  stiffeners  (vertical  and  horizontal)  and  0.019  beams 
for  the  inner  stiffeners  (vertical,  horizontal,  and  angle). 
In  order  to  allow  for  the  removal  of  the  inner  angle  stiff¬ 
eners  for  alternate  panel  structural  analysis,  the  inner  stiff¬ 
eners  were  attached  using  0.(X)31  m  diameter  hexagonal 
bolls. 
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Fig.  2  Aircraft  panel  geometry. 


The  material  designations  for  the  panel  parts  described 
above  are  shown  in  Table  1  and  2. 


Table  1  Panel  parts  material  designation. 


Panel  pan 

Skin 

Sdffcncr 

Rivet 

Sdffcncr 

bolt 

Angle 

connector 

Connector 

boll 

BIBS!! 

Alum. 

Alum. 

Alum. 

Steel 

Steel 

Steel 

Table  2  Material  property  designation. 


Material 

p  ikglm^) 

Y  (.Nim’) 

Poisson  rat. 

V 

Aluminum 

2800 

69x10’ 

0.33 

Steel 

7650 

207x10’ 

0.29 

Holes  were  also  drilled  outside  the  exterior  stiffener  frame¬ 
work  to  resemble  holes  for  mounting  the  panel  onto  the 
aircraft  structure.  The  final  modification  to  the  panel 
model  was  to  attach  connectors  onto  the  beam  frame- work 
as  shown  in  Fig.  2.  This  modification  further  stiffened 
#  the  complete  panel  structure.  Finally,  for  the  power  fac¬ 

tor  analysis,  the  panel  was  hung  on  a  wooden  stand  and 
connected  by  elastic  cords  for  a  free-free  analysis  as  shown 
in  Fig.  3. 


A  finite-element  model  (f.e.m.)  for  this  aircraft  panel 
model  was  next  constructed  in  order  to  have  an  analytical 
bases  for  validating  the  actuator  location  optimization  re 
suits.  The  final  f.e.m.  for  the  aircraft  panel  is  shown  in 
Fig.  4. 


Fig.  4  Aircraft  panel  finite-element  model. 


This  model  consists  of  approximately  2800  elements 
and  1700  nodes.  The  elements  for  the  f.e.m.  for  the  vari¬ 
ous  parts  are  listed  in  Table  3. 


Table  3  Aircraft  panel  f.e.m.  element  designations. 


Panel  part 

Element  designation 

Skin 

Thin  shell  'linear  quadrilateral 

Stiffener 

Angle  beam 

Rivet 

Rigid  connection 

Bolt 

Rigid  connection 

L-angle  connector 

Rigid  element 

Weights:  rivet,  bolt. 

Lumped  mass 

angle  connector.  i 

Weights:  Bracket  unit  blocks 

Lumped  mass 

Bracket  unit  mounted 

Offset  beam 

P2rr  Actuator 

For  the  mode  shape  analysis,  the  Guyan-Reduction 
Method  was  used  and  mode  shapes  and  natural  frequen¬ 
cies  were  obtained  using  C AEDS .  This  model  had  a  first 
natural  frequency  at  45  Hz  and  this  mode  could  be  reli¬ 
ably  excited  and  measured,  as  shown  in  Fig.  5  on  the  next 
page,  in  the  frequency  response  plot  using  a  signal  analy- 
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Fig.  5  Plate  frequency  response. 

zer.  The  frequency  response  plots  for  Fig.  5  is  for  PZT 
#10  =  0.0500  m,  w  =  0.0130  m.  h  =  0.0008m)  excited  at 
120  V.  The  frequency  response  plot  shows  that  the  reli¬ 
ably  measurable  modes  for  this  panel  are  (45  Hz,  55  Hz, 
64  Hz,  80  Hz,  and  so  forth). 


Table  4  PZT-unit  midpoint  location  on  panel  suiicture. 


shapes  along  with  the  finite-element  mode  shapes  are 
shown  in  Fig.  7. 


30  0 


Next,  in  order  to  validate  the  plate  f.e.m.,  a  mode  shape 
identification  of  the  panel  excited  by  the  bracket  unit 
mounted  PZT  actuator  was  performed.  This  was  done  by 
placing  the  PZT  actuator  in  region  #3  as  shown  in  Fig.  6. 


Fig.  6  Aircraft  panel  region  designation. 


The  midpoint  locations  for  the  PZT-unit  (oriented  with 
the  length  direction  parallel  to  the  x-axis),  relative  to  the 
coordinate  system  shown  on  the  top  left  hand  comer  of 
Fig.  6  are  shown  in  Table  4.  For  Fig.  6  and  Table  4,  re¬ 
gions  1-12  are  labeled  and  the  PZTunit  midpoint  coordi¬ 
nates  are  given  for  later  reference.  S  ince  the  panel  modes 
at  55  Hz  and  64  Hz  had  the  strongest  amplitude  as  shown 
in  Fig.  5,  these  modes  were  experimentally  measured  us¬ 
ing  a  laser  scanner.  The  experimentally  measured  mode 


Experimental  (55.4  Hz) 


Finite-Element  (55.7  Hz) 


Fig.  7a  Mode  shape  55  Hz. 
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Experimental  (64.5  Hz) 


Finite-Element  (66.1  Hz) 


Fig.  7b  Mode  shape  64  Hz. 

Notice  that  although  the  panel's  structure  seems  symmet¬ 
ric,  it  however  is  not  because  of  the  spacing  of  the  inner 
vertical  stiffeners,  the  alignment  of  the  inner  vertical, 
angle,  and  horizontal  stiffenCTS,  the  inner  angle  stiffener 
holes,  and  the  addition  of  the  bracket  unit  mass  loading 
as  shown  in  Fig.  2.  Therefore,  as  displayed  in  Fig.  7,  the 
mode  shapes  are  not  completely  symmetric.  The  com¬ 
parison  between  the  experimentally  measured  and  the 
f.e.m.  generated  mode  shapes  shows  good  agreement  in 
terms  of  the  general  pattern  and  the  direction  of  the  de¬ 
flection  within  the  respective  panel  regions  for  all  the  re¬ 
gions  except  region  3  for  55  Hz.  This  region  partially 
deflects  upward  and  then  downward  for  the  f.e.m.  gener 
ated  mode  shape.  These  and  any  other  deviations  between 
the  f.e.m.  generated  and  the  experimentally  measured 
mode  shapes  could  be  due  to  the  difficulty  in  implement¬ 
ing  the  L-angle  connectors  because  of  their  points  of  at¬ 
tachment,  the  weight  distribution  of  the  angle  connectors 
and  because  the  holes  on  the  panel  were  not  accounted 
for.  Also,  since  the  64  Hz  and  the  55  Hz  modes  are  rela¬ 
tively  close  together,  each  one  has  a  significant  impact  on 


the  other  one’s  mode  shape  since  a  single  location  excita¬ 
tion  as  by  this  bracket-unit  can  only  yield  an  operational 
(a  combination  of  other  modes)  mode  shape,  whereas  the 
f.e.m.  generated  mode  shape  is  a  pure  mode  shape.  Be¬ 
sides  these  inaccuracies,  the  overall  mode  shape  results 
are  satisfactory  in  terms  of  the  general  panel  deflection 
pattern  as  well  as  the  respective  frequency  locations  for 
the  given  modes  for  validating  the  f.e.m.  under  75  Hz. 
Above  75  Hz  however,  the  specific  panel  regions  vibrate 
with  more  than  one  type  of  motion  and  it  becomes  more 
difficult  to  match  the  experimentally  measured  and  f.e.m. 
generated  mode  shapes.  Therefore  for  the  subsequent 
analysis,  mode  #2  (55  Hz)  and  mode  #3  (64  Hz)  will  be 
used  for  the  power  factor  analysis  for  this  panel  configu¬ 
ration. 

Using  the  structural  mode  shapes,  the  experimentally 
determined  power  factor  results  will  be  analytically  v^i- 
dated  by  comparing  the  maximum  curvature  location  with 
the  maximum  power  factor  location.  For  example,  for 
the  f.e.m.  generated  mode  shape  for  55  Hz  with  the  PZT 
unit  placed  within  the  center  of  the  rectangular  region  3&4 
(without  any  angle  stiffeners)  shown  in  Fig.  7,  by  exam¬ 
ining  the  mode  shape  it  can  be  seen  that  the  maximum 
curvature  and  thus  the  maximum  power  factor  amplitude 
should  occur  in  regions  9&10,  (see  Fig.  6).  Notice,  with¬ 
out  the  PZT-unit  mass  loading,  the  modes  shift  up  by  ap¬ 
proximately  2  Hz.  Therefore  for  this  panel  configuration 
(without  any  angle  stiffeners),  for  exciting  or  controlling 
the  mode  at  55  Hz,  the  optimal  PZT  actuator  location 
would  be  in  approximately  0.55  m  from  the  top  (halfway 
down  in  regions  9  and  10)  as  an  initial  approximation  for 
single  frequency  power  factor  maximization.  For  mul¬ 
tiple  frequency  power  factor  maximization,  the  same  type 
of  reasoning  will  be  used  as  well.  Finally,  in  order  to  truly 
optimize  an  actuator  location  for  a  limited  number  of  mea¬ 
sured  points,  a  simple  numerical  algorithm  will  be  used. 
This  algorithm  wUl  allow  for  the  approximate  determina¬ 
tion  of  the  power  factor  contours  for  the  aircraft  panel 
strucuire.  The  interpolation  between  each  of  the  power 
factor  magnitudes  will  be  cubic  interpolation.  For  single 
frequency  or  broadband  power  factor  maximization,  this 
algorithm  will  also  allow  for  the  control  frequency  input, 
and  the  output  will  consist  of  the  approximate  location(s) 
that  will  provide  the  maximum  power  factor  for  the  speci¬ 
fied  control  frequencies. 

For  the  experimental  work  reported  here,  the  mass  load¬ 
ing  of  the  removable  PZT  unit  influences  the  vibration 
modes,  natural  frequencies,  and  also  the  power  factor  This 
problem  can  be  eliminated  by  refining  the  design  of  the 
PZT  unit  such  that  it  imposes  no  more  constraints  on  the 
structure  than  a  surface  mounted  PZT  actuator.  Also,  for 
complex  full-scale  structures,  it  is  believed  that  the  influ- 
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ence  of  the  PZT  unit  would  be  minimum  and  the  power 
factor  map  would  not  be  contaminated  by  the  mass  and 
stiffness  of  the  removable  unit. 


III.  Complex  Structure  Results 

In  order  to  analyze  the  power  factor  technique  for  ac¬ 
tuator  location  optimization  for  the  panel  structure,  three 
different  configurations  of  the  structure  were  analyzed, 
however,  in  this  paper  only  two  are  presented.  For  these 
configurations,  both  single  frequency  as  well  as  multiple 
frequency  power  factor  maximization  was  analyzed.  The 
three  tested  aircraft  panel  configurations  are  shown  in 
Fig.  8. 


Config.  #2 


Fig.  8  Aircraft  panel  model  tested  configurations. 

The  first  set-up  (Config.  #1)  consists  of  only  of  vertical 
and  horizontal  stiffeners.  The  second  set-up  (Config.  #2) 
consists  of  four  angle  stiffeners  to  analyze  the  local  and 
the  global  effect  of  adding  numerous  angle  stiffeners.  In 
order  to  analyze  the  power  factor  layout  for  these  panel 
configurations,  the  PZT-unit  #1  was  attached  at  the  twelve 
locations  as  shown  earlier  in  Fig.  6  andTable  4.  For  the 
experimental  measurements,  an  HP  4192A  Impedance 
Analyzer  was  used.  This  impedance  analyzer  is  specifi¬ 
cally  designed  for  low  frequency  impedance  measure¬ 
ment  (5  Hz  -  13  kHz).  For  the  frequency  range  40-80 
Hz,  the  maximum  error  for  the  admittance  measurement 


was  3  %.  This  error  was  determined  by  dividing  the 
maximum  variation  by  the  average  admittance  for  the 
experimental  readings.  For  the  initial  analysis,  Config. 
#1  shown  earlier  in  Fig.  8  was  tested. 

For  single  frequency  power  factor  maximization  for 
55  and  64  Hz  the  electromechanical  admittance  was  mea¬ 
sured  at  the  twelve  points  shown  earlier  in  Fig.  6.  For 
these  two  frequencies,  the  maximum  power  factor  at  each 
of  these  locations  for  a  interval  of  ±  2  Hz  is  shown  in 
Table  5. 


Table  5  Power  factor,  Config.  #1 


Ptrq.  Hz 

Loc  1;  % 

Loc  5.  ^  1  Loc  3;  ^ 

Loc  4;% 

Loc5;% 

55 

i.3 

2.4  1  2.7 

'  "2.8 

2.4 

64 

2.2 

1  U 

2.2 

"TT" 

Prcq.  Hi 

TSThW 

Loc8;% 

Loc9;% 

Loc  10;% 

"CocTBr 

55 

2.2 

2.2 

2.8 

2.8 

"5T" 

64 

2.4 

2.4 

2.8 

2.8 

2.5 

“5T“ 

The  i  2  Hz  interval  was  used  because  typically  the  power 
factor  peaks  rise  and  fall  gradually  over  a  3-4  Hz  interval 
The  panel  mode  shapte  for  55  Hz  and  64  Hz  are  shown  in 
Fig.  7.  Based  on  the  power  factor  measurements  forTable 
5,  the  power  factor  mesh  as  generated  by  the  numerical 
interpolation  algorithm  are  shown  in  Fig.  9  . 


Fig.  9a  Power  factor  mesh;  55  Hz. 


•1 
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Fig.  9b  Power  factor  mesh;  64  Hz. 

The  plots  for  Fig.  9  show  that  the  optimal  actuator  loca¬ 
tion  at  55  Hz  is  at  X  =  0.38  m  and  z  =  0.58  m  with  a 
maximum  power  factor  magnitude  of  2.95  %  (within  re¬ 
gions  9&10).  For  64  Hz,  the  maximum  power  factor  is 
2,87  %  at  X  =  0.42  m  and  z  =  0.53  m  (within  regions 
9&10).  Experimentally,  the  maximum  power  factor  for 
a  2  %  frequency  interval  at  the  respective  locations  for 
the  modes  at  55  Hz  and  64  Hz  is  2.9  %  and  2.9  %,  respec¬ 
tively.  These  results  show  good  eorrelation  with  the  in¬ 
terpolated  power  factor  outputs  for  Fig.  9.  By  examining 
the  mode  shape  for  55  Hz  (Fig.  7a),  it  can  be  seen  regions 
9<&10  have  the  maximum  curvature  and  therefore  within 
these  regions  the  power  factor  is  maximum.  By  using 
the  same  analogy  for  the  mode  shape  for  64  Hz  (Fig.  7b), 
it  can  be  seen  that  the  optimal  actuator  location  for  single 
frequency  power  factor  maximization  for  this  frequency 
is  indeed  within  regions  9&10.  Furthermore,  in  order  to 
evaluate  the  accuracy  of  this  interpolation  technique,  four 
other  arbitrary  points  were  tested.  The  x  and  z  coordi¬ 
nates  of  these  points  were  (x,z)  =  pt.  #1  ( 0.23,  -0.25  ),  pt. 
#2  (  0.79,  -0.25 ),  pt.  #3  (  0.23,  -0.59 ),  pt.  #4  (  0.79,  -0.59 
).  The  interpolated  and  the  experimentally  measured 
power  factor  at  55  Hz  for  these  points  was;  pt.  #1  ( 2.25%, 
2.4  %  ),  pt.  #2  ( 2.55  %,  2.5  %),  pt.  #3  ( 2.14  %,  2.2  %), 
pt.  #4  (  2.46  %,  2.4  %  ).  Therefore  this  interpolation 
algorithm  satisfactorily  predicts  the  power  factor  between 
the  originally  measured  locations  for  Fig.  6. 

Next,  for  multiple  frequency  power  factor  maximiza¬ 
tion,  by  averaging  the  power  factor  over  the  frequency 
range  of  50  -  70  Hz  for  Fig.  9a  and  Fig.  9b,  the  interpo¬ 
lated  power  factor  at  the  measured  locations  is  plotted  in 
Fig.  10.  The  numerical  interpolation  algorithm  for  this 
plot  yielded  the  optimal  actuator  location  for  multiple  fre¬ 
quency  control  for  Config.  #1  over  this  frequency  range 
(50  -  70  Hz)  of  x  =  0.41  and  z  =  0.55  m  (within  regions 


Fig.  10  Multiple-frequency  power  factor  mesh;  Config. 

#1. 

9&10).  The  maximum  power  factor  magnitude  at  this 
location  is  2.87  %.  Experimentally,  the  maximum  aver¬ 
age  power  factor  over  this  frequency  interval  at  the  speci¬ 
fied  location  is  2.9  %.  Therefore  for  multiple  frequency 
power  factor  maximization  as  well,  the  interpolation  al¬ 
gorithm  satisfactorily  predicts  the  optimal  actuator  loca¬ 
tion.  By  examining  the  two  mode  shape  plots  for  Fig.  7, 
it  can  be  seen  that  on  average  regions  9&10  have  the  high¬ 
est  curvature.  Therefore  the  power  factor  for  multiple 
frequency  control  in  these  regions  is  maximum  because 
the  strain  energy  in  these  regions  is  also  high.  It  should 
also  be  pointed  out  that  since  the  error  in  determining 
these  power  factor  results  is  +  3  %,  other  locations  that 
generate  a  power  factor  as  low  as  2.8  %  would  also  be 
adequate. 

For  this  aircraft  panel  configuration,  it  can  be  seen  that 
this  PZT  actuator  configuration  is  not  as  efficient  at  ex¬ 
citing  this  structure  as  compared  to  the  cantilever  beam 
analyzed  in  a  previous  case.^*^  For  example,  on  average 
the  maximum  power  factor  for  this  panel  model  for  PZT 
unit  #1  is  on  the  order  of  3%  whereas  for  the  cantilever 
beam  it  was  on  the  order  of  15-30%.  The  reason  for  this 
difference  is  that  for  a  given  structure  the  power  factor  is 
maximum  when  the  actuator  impedance  is  close  to  the 
structural  impedance.  For  this  panel,  because  of  the  rela¬ 
tively  low  power  factor  magnitude,  it  can  be  deduced  that 
the  actuator  and  the  panel  impedance  mismatch  is  much 
higher  than  that  for  the  cantilever  beam  case.  Therefore 
in  order  to  ensure  that  a  PZT  actuator  is  a  suitable  device 
.  for  exciting  a  structure  such  as  this  one,  for  the  frequency 
range  of  40-70  Hz,  the  actuator  impedance  within  this 
frequency  range  would  also  have  to  be  of  the  same  ap¬ 
proximate  magnitude.  It  should  be  noted  that  for  loca¬ 
tion  optimization  work  it  is  the  relative  power  factor  am¬ 
plitude  which  is  important  and  not  the  actual  value.  There¬ 
fore,  as  long  as  the  power  factor  and  its  variation  with 
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location  can  be  accurately  measured,  the  power  factor 
magnitude  is  not  necessarily  important.  For  an  actual  vi¬ 
bration  suppression  problem,  howevei;  the  goal  is  to  maxi¬ 
mize  the  power  factor.  This  is  accompUshed  by  match- 
ing  the  impedance  of  the  actuator  to  the  structural  imped¬ 
ance  at  the  location.  Several  options  are  available  for 
diis:  changing  the  offset  distance  of  the  actuator;  chang¬ 
ing  the  thickness  of  the  actuator 

In  order  to  analyze  the  effect  of  adding  angle  stiffen¬ 
ers,  the  case  with  four  angle  stiffeners.  Config.  #2  shown 
earlier  in  Fig.  8,  was  analyzed.  For  single  frequency 
power  factor  maximization,  first  the  finite  element  model 
with  the  four  angle  stiffeners  was  checked  to  determine 
the  shift  in  the  natural  frequencies.  For  this  configura¬ 
tion,  the  first  three  modes  shifted  to  50  Hz,  73  Hz,  and  92 
Hz.  For  this  case  the  modes  at  50  Hz  and  73  Hz  were 
analyzed.  The  maximum  power  factor  at  50  Hz  and  73 
Hz  for  a  interval  of  +  2  Hz  at  the  measured  locations  is 
shown  in  Table  6. 


Table  6  Power  factor;  Config.  #2. 
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The  f.e.m.  generated  panel  modes  for  50  Hz  and  73  Hz 
are  shown  in  Fig.  11. 


Fig.  11a  Mode  shape;  50  Hz;  Config.  #2. 


Fig.  11b  Mode  sh^;  73  Hz;  Config.  #2. 

The  plots  for  Fig.  11  show  that  adding  the  four  angle  stiff¬ 
eners  first  of  all  shifted  the  natural  frequencies  up  by  ap¬ 
proximately  5  Hz.  Secondly,  for  50  Hz,  the  angle  stiffen¬ 
ers  do  not  significanUy  suppress  the  deflection  magni¬ 
tude  in  the  specific  panel  regions  because  this  mode  is  a 
global  mode.  For  73  Hz,  the  angle  stiffeners  suppress  the 
vibration  in  regions  1, 2, 3, 4, 7, 8, 9,  and  10  because  this 
mode  is  a  local  mode.  Based  on  the  jxjwer  factor  mea¬ 
surements  for  Table  7  the  power  factor  contours  as  gener¬ 
ated  by  the  numerical  interpolation  algorithm  are  shown 
in  Fig.  12. 


Fig.  12a  Power  factor  mesh;  50  Hz. 


Fig.  12b  Power  factor  mesh;  73  Hz. 
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The  plots  for  Fig,  12  show  that  the  optimal  actuator  loca¬ 
tion  for  narrow-band  power  factor  maximization  for  50 
Hz  is  at  X  =  0.71  m  and  z  =  0.53  m  with  a  maximum 
power  factor  magnitude  of  3.52  %  (within  regions  11  &12). 
For  73  Hz,  the  maximum  power  factor  is  4.87  %  at  x  = 
0.79  m  and  z  =  0.18  m  (within  regions  5&6).  Experi¬ 
mentally,  the  maximum  power  factor  for  a  ±  2  %  fre¬ 
quency  interval  at  the  respective  locations  for  the  modes 
at  50  Hz  and  73  Hz  is  3.6  %  and  4,7  %,  respectively 

For  multiple  frequency  power  factor  maximization,  by 
averaging  the  power  factor  over  the  frequency  range  of 
40  -  80  Hz  for  Fig.  12a  and  Fig.  12b,  the  average  interpo¬ 
lated  power  factor  at  the  measured  locations  is  plotted  in 
Fig.  13. 


Fig.  13  Multiple-frequency  power  factor  mesh;  Config. 

#2. 

The  numerical  interpolation  algorithm  for  this  plot  yielded 
the  optimal  actuator  location  for  broadband  control  for 
Config.  #3  over  this  frequency  range  (40  -  80  Hz)  should 
be  at  X  =  0.68  and  z  =  0.66  m  (within  regions  11&12), 
The  maximum  power  factor  magnitude  at  this  location  is 
4.32  %.  Experimentally,  the  maximum  average  power 
factor  over  this  frequency  interval  at  the  specified  loca¬ 
tion  is  4.4  %.  Again,  by  examining  the  two  mode  shape 
plots  for  Fig.  11,  it  can  be  seen  that  regions  11&12  on 
average  have  the  highest  strain  eneigy.  The  results  for 
broadband  as  well  as  single  frequency  power  factor  maxi¬ 
mization  show  good  correlation  between  the  experimen¬ 
tally  measured  and  the  interpolated  optimal  actuator  lo¬ 
cations  with  the  four  angle  stiffener.  It  should  again  be 
pointed  out  that  since  the  error  in  determining  these  power 
factor  results  is  3  %,  other  locations  that  generate  a  power 
factor  as  low  as  4.2  %  would  also  be  adequate. 


IV  Conclusion 

The  results  for  this  paper  have  shown  that  the  power 
factor  technique  for  optimizing  an  actuator  location  or 
configuration  on  a  complex  structure  can  be  used  for 
single-frequency  as  well  as  multiple  frequency  power  fac¬ 
tor  maximization  This  technique  relies  on  experimen¬ 
tally  obtaining  the  power  factor  for  a  limited  number  of 
points  on  a  structure.  From  this  limited  information, 
through  interpolation,  a  power  factor  contour  plot  for  the 
complete  structure  can  be  obtained.  The  contour  map 
identifies  locations  where  the  power  factor  is  maximum 
for  a  given  resonant  frequency  or  several  resonant  fre¬ 
quencies.  These  locations  are  points  where  the  maximum 
amount  of  supplied  electrical  ene^y  is  converted  into 
mechanical  eneigy  and,  therefore,  the  best  locations  for 
exciting  or  conversely  cancelling  vibrations. 

For  this  paper,  the  concept  was  applied  to  a  built-up 
structure  resembling  an  aircraft  panel.  To  validate  the 
experimentally  constructed  power  factor  maps,  a  finite 
element  model  was  also  constructed.  The  mode-shapes 
predicted  by  the  finite  element  model  were  verified 
through  correlation  with  laser-scanner  obtained  mode- 
shapes.  The  best  locations  predicted  by  the  power  factor 
maps  correspond  to  the  points  of  maximum  strain  enegy 
and  for  this  structure  the  points  of  maximum  vibration 
amplitude. 

This  technique  for  actuator  location  optimization  can 
be  used  to  quickly  identify,  on  a  complex  structure,  the 
best  location(s)  for  mounting  induced  strain  actuators  such 
as  PZTs  in  aid  of  vibration  or  acoustic  control.  The  only 
hardware  required  for  this  procedure  is  a  commercially 
available  impedance  analyzer 
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Experimental  Verification  of  Optimal  Actuator  Location 
and  Configuration  Based  on  Actuator  Power  Factor 
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ABSTRACT;  The  actuator  power  factor  is  defined  as  the  ratio  of  the  total  dissipative  mechanical 
power  of  a  PZT  actuator  to  the  total  supplied  electrical  power  to  the  PZT  actuator.  If  measured  ex¬ 
perimentally,  it  can  be  used  to  optimize  the  actuator  location  and  configuration  for  complex  struc¬ 
tures.  The  concept  of  actuator  power  factor  is  based  on  the  ability  of  an  integrated  induced  strain  ac¬ 
tuator  such  as  a  PZT  to  transfer  supplied  electrical  energy  into  structural  mechanical  energy.  For  a 
given  structure  such  as  a  beam  or  a  plate,  the  location  and  configuration  of  an  actuator  will  directly 
influence  the  authority  of  the  actuator  towards  driving  the  structure.  Presented  in  this  paper  are  the 
experimental  as  well  as  the  theoretical  results  for  the  case  of  a  cantilever  beam  as  a  proof-of-concept 
of  this  technique.  The  design  of  a  fixture  which  allows  for  the  relocation  of  a  PZT  patch  which  can 
be  used  for  both  actuation  and  sensing  is  presented  as  well.  For  the  experimental  case,  the  elec¬ 
tromechanical  PZT  admittance  was  measured  by  an  HP  4194A  impedance  analyzer  for  the  power 
factor  analysis.  The  experimental  and  the  theoretical  power  factor  results  were  subsequently  corn- 
par^  and  showed  good  qualitative  similarities  over  the  frequency  range  analyzed.  This  initial  com¬ 
parison  between  the  experimental  and  the  theoretical  power  factor  results  will  be  used  to  analyze  the 
capabilities  and  limitations  of  the  actuator  power  factor  algorithm  as  a  tool  for  determining  the  opti¬ 
mal  configuration  and  location  for  a  PZT  actuator  for  simple  as  well  as  complex  structural  vibration 
control  applications. 


transfer  supplied  electrical  energy  into  structural  mechani¬ 
cal  energy.  The  optimal  actuator  location  and  configuration 
for  a  given  structure  is  the  point  at  which  the  given  structure 
has  the  highest  strain  energy  for  a  given  frequency  of  excita¬ 
tion  (Preumont  et  al.,  1991).  However  since  a  typical  struc¬ 
ture  is  excited  for  a  range  of  frequencies,  the  actuator  power 
factor,  which  is  a  function  of  the  excitation  frequency,  varies 
throughout  the  given  excitation  range.  Since  for  a  given 
structure  such  as  a  beam  or  a  plate,  the  location  of  the  actua¬ 
tor  will  directly  influence  the  actuator  authority  towards  ex¬ 
citing  the  structure,  the  actuator  placement  and  configura¬ 
tion  is  critical  to  make  maximum  use  of  the  supplied 
electrical  energy. 

In  order  to  determine  the  effectiveness  of  the  actuator 
power  factor  algorithm  as  a  tool  for  analytic:ally  determining 
the  optimal  actuator  location  and  configuration  for  a  given 
structure,  the  actuator  power  factor  is  analytically  deter¬ 
mined  initially  for  a  cantilever  beam  set-up  for  a  given  exci¬ 
tation  range.  A  complete  analysis  and  description  for  the 
power  factor  algorithm  for  the  case  of  a  cantilever  beam  is 
included  in  this  paper.  The  layout  of  the  experimental  set-up 
to  verify  the  analytically  determined  results  by  the  actuator 
power  factor  algorithm  is  also  described.  The  experimental 
set-up  explanation  will  consist  of  a  full  description  of  the 
configuration  of  the  cantilever  beam  and  the  bracket-type 
structure  to  allow  for  actuator  relocation  on  the  beam.  The 
relocation  capability  for  the  PZT  actuator  allowed  by  the 
bracket-type  structure  for  this  case  was  included  to  allow  for 
the  verification  of  the  actuator  power  factor  algorithm  for 
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INTRODUCTION 

IN  general,  the  typical  procedure  used  to  determine  the 
optimal  actuator  location  and  configuration  for  a  given 
structure  is  based  on  themodal  domain  approach.  Com¬ 
pared  to  the  overall  power  factor  approach,  the  modal 
domain  approach  requires  the  determination  of  the  re¬ 
sponse  characteristics  of  the  complete  structure  under 
consideration.  For  the  modal  domain  approach,  the 
interaction  between  the  actuator  and  the  host  structure 
is  assumed  to  be  independent  of  frequency.  Liang,  Sun 
and  Rogers  (1993a)  have  shown  that  the  interaction  between 
the  actuator  and  the  host  structure,  which  depends  on  the 
impedance  of  the  actuator  and  the  structure,  is  frequency 
dependent.  The  actuator  power  factor  approach  is  based 
on  the  coupled  electromechanical  impedance  model 
for  an  active  material  system  (Liang,  Sun  and  Rogers, 
1994).  Compared  to  the  modal  domain  approach,  the 
analytical  power  factor  algorithm  only  requires  knowledge 
of  the  actuator  and  the  host  structure  properties,  and 
a  measurement  of  the  excitation  voltage  input.  For  com¬ 
plex  structures  that  can  be  difficult  to  model  analytically, 
the  actuator  power  factor  can  be  determined  experimentally 
as  well. 

The  concept  of  actuator  power  factor  is  based  on  the  abil¬ 
ity  of  an  integrated  induced  strain  actuator  such  as  a  PZT  to 
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variations  in  the  actuator  location  or  the  actuator  configura¬ 
tion.  The  experimental  results  for  the  actuator  power  factor 
are  compared  to  the  analytically  predicted  results  by  the  ac¬ 
tuator  power  factor  algorithm.  A  three-dimensional  plot  for 
the  actuator  power  factor,  versus  frequency,  versus  actuator 
location  for  the  cantilever  beam  is  presented.  This  type  of  a 
plot  is  presented  to  demonstrate  how  the  actuator  power  fac¬ 
tor  layout  can  be  practically  used  in  a  three-dimensional  for¬ 
mat  for  optimizing  the  actuator  location  and  configuration 
for  simple  as  well  as  complex  structures. 

THEORY  AND  RESULTS 


THREADED  MOLES  FOR  MOUrmNG 
S»OE  SURFORTS  Of^O  CENTER  PIECES 


Figure  2.  Bracket  unit  set-up. 


PZT  Actuator  Power  Factor:  Cantilever  Beam 

In  theory,  the  actuator  power  factor  is  defined  as  the  ratio 
of  the  total  dissipative  mechanical  power  of  a  PZT  actuator 
to  the  total  supplied  electrical  power  to  the  PZT  actuator. 
This  can  be  expressed  as  (Liang  et  al.,  1994): 

^  ^  Dissipative  Mechanical  Power  Re(y) 
Supplied  Electrical  Power  |  y| 

Here,  Y  \s  the  electro-mechanical  admittance  of  the  PZT  ac¬ 
tuator.  In  order  to  evaluate  the  power  factor  algorithm,  for 
the  case  of  a  cantilever  beam  with  an  offest  PZT  actuator,  an 
experiment  was  set  up,  as  shown  in  Figure  1.  The  cantilever 
beam  for  this  case  was  a  steel  beam.  The  following  symbols 
for  the  cantilever  beam  are  stated  for  future  reference:  free 
length  (Ib),  width  (w^),  thickness  (he),  and  mass  density 
(Pb).  In  order  to  allow  for  PZT  relocation  on  the  beam  as 
necessary,  a  bracket-type  structure,  as  shown  in  Figure  2, 
was  designed. 

The  main  function  of  this  bracket  structure  is  to  provide  a 
practical  means  of  relocating  the  PZT  on  a  cantilever  beam 
and  to  ensure  that  the  PZT  will  not  be  damaged  during  the 
relocation  process.  In  order  to  move  the  PZT  as  necessary, 
the  side  supporters  for  the  bracket  structure  are  simply 
mounted  onto  the  center  pieces,  and  the  complete  unit  can 
be  removed  from  or  bonded  onto  the  beam  as  required.  The 
side  supports  are  designed  to  ensure  that  the  PZT  will  not  be 


Figure  1.  Experimental  set-up. 


damaged  while  being  removed  from  the  cantilever  beam. 
Thus  when  the  complete  unit  is  assembled,  a  screwdriver 
can  simply  be  used  to  pry  the  unit  off  without  transferring 
any  of  the  prying  force  onto  the  PZT. 

With  the  design  of  the  experimental  setup  for  measuring 
the  actuator  power  factor  complete,  the  analytical  model  for 
the  algorithm  for  the  case  of  a  cantilever  beam  can  next  be 
evaluated.  In  order  to  analytically  evaluate  the  power  factor 
algorithm,  first  the  coupled  electromechanical  admittance  of 
the  PZT,  y,  for  Equation  (I)  is  evaluated.  The  electrome¬ 
chanical  admittance  for  a  PZT  actuator  is  given  by  (Liang  et 
al.,  1994): 


Here  oj  is  the  excitation  frequency,  .  I  a,  h  a  are  the 
actuator  width,  length,  and  thickness^  respectively,  eL  is 
the  complex  dielectric  constant  at  zero  stress  given  by 
€33(1  —  5/),  where  6  is  the  dielectric  loss  factor,  Za  is  the 
actuator  impedance,  Z  is  the  structural  impedance,  ^32  is  the 
PZT  constant,  Y22  is  the  complex  PZT  modulus  at  zero 
electric  field  defined  by  yf2(l  +  /ry),  and  -rj  is  the  mechan¬ 
ical  loss  factor  of  the  PZT.  The  short-circuit  mechanical  im¬ 
pedance  of  the  PZT  actuator,  .  is  given  by  (Liang  et  al., 
1994): 


_  Ka{\  +  yl)  kU  .  ... 

^  o)  tan  {IcIa  )  ^ 

For  this  equation,  the  wave  number  squared,  is  given  by: 


k^  =  oi^QA/Yf2  (4) 

Here,  qa  is  the  PZT  actuator  mass  density.  The  PZT  static 
stiffness,  Ka.  is  given  by: 


Ka  =  yf 


In  order  to  calculate  the  structural  impedance,  Z,  the  equa- 
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tion  of  motion  for  a  beam  with  an  offset  strain  actuator,  as 
shown  earlier  in  Figure  I,  is  used: 


—  d*w 


P(x,i) 

a 


(6) 


where 


but  to  allow  for  actuator  relocation.  Offsetting  the  actuator 
and  increasing  the  actuator  thickness  also  yield  a  propor- 
tional  increase  in  the  overall  structural  stiffness.  The  overall 
qualitative  actuator  response  characteristics,  however,  are 
not  significantly  changed  from  the  bonded  to  the  offset  con¬ 
figuration.  This  moment  distribution  onto  the  beam  can  be 
expressed  in  terms  of  Heaviside  functions  as: 


w{xd)  =  ^  (7) 


M{x)  -  M[H{x  -  -  H{x  -  ^0]  (10) 


p(x,t)  =  (8) 

Here  is  /zi/12,  <t)„  is  the  normalized  eigenfunction  given 
by  <t>(\nX),  is  the  eigenvalue,  Yb  is  the  complex  Young’s 
modulus  for  the  steel  beam,  and  a  is  the  beam  cross- 
sectional  area.  For  this  initial  case,  the  actuator  and  the 
bracket  structure  mass  loading  is  neglected.  Next  by  substi¬ 
tuting  Equations  (7)  and  (8)  into  Equation  (6),  the  equation 
of  motion  for  the  beam  can  be  expressed  in  a  matrix  format 
(Liang  et  al.,  1994): 

-  c^^(e«[/])l[wq  =  ^[p]  (9) 

For  this  case,  the  eigenvalue  matrix  is  a  diagonal  matrix,  the 
[/]  matrix  is  the  identity  matrix,  the  [W\  matrix  is  the  modal 
amplitude  matrix  for  the  transverse  displacement  Equation 
(7),  and  the  [p]  matrix  is  the  modal  amplitude  matrix  for  the 
pressure  Equation  (8).  In  order  to  calculate  the  modal  pres¬ 
sure  amplitude  for  Equation  (8),  the  equivalent  PZT  effect 
on  the  cantilever  beam  first  has  to  be  modeled.  The  general 
technique  for  utilizing  an  actuator  for  structural  excitation  is 
bonding  the  actuator  onto  the  beam.  By  doing  so,  the  in¬ 
plane  forces  of  the  actuator  are  transferred  onto  the  structure 
via  the  bonding  material  as  line  moments  distributed  along 
the  periphery  of  the  actuator,  as  shown  in  Figure  3.  Offset¬ 
ting  the  actuator  as  done  for  this  case  simply  eliminates  the 
line  moments  from  the  two  sides  that  are  not  connected  to 
the  beam  and  also  increases  the  actuator  force  transferred 
onto  the  structure  (Chaudhry  and  Rogers,  1993).  Note  that 
in  this  case  the  offset  is  not  to  enhance  actuator  authority, 


Figure  3.  PZT  moment  model. 


Here  and  ^2  represent  the  PZT  location  from  the  clamped 
edge  of  the  cantilever  beam,  also  shown  in  Figure  1.  This 
moment  equation  can  be  used  to  express  the  pressure  func¬ 
tion,  Equation  (8)  as: 

d^M(x) 

p{x)  =  ^2  =  M[d'(x  -  ^2)  -  6'(x  -  ^,)] 

(11) 

The  modal  amplitude  for  the  pressure  equation  can  be  deter¬ 
mined  as: 


I  p{x)(i>^{x)dx 

Pm  =  -  (12) 

j  <t>i(x)dx 

For  a  cantilever  beam,  the  eigenfunction  is  given  by 
(Shames  and  Dym,  1985): 


=  cosh  (k„x)  —  cos  {k„x) 


cos  {k„L)  -h  cosh  {k„L) 
sin  {k„L)  -h  sinh  {k„L) 


(sinh  (k„x)  —  sin  {k„x)) 


(13) 


For  the  cantilever  beam  eigenfunction.  Equation  (13),  k„ 
represents  the  normalized  eigenvalue.  The  value  of  k^  for 
the  eigenfunction  equation  are  the  zeros  of  the  equation: 
cos  {k„L)  —  cosh  (k^L)  =  —1,  where  L  is  the  length  of 
the  beam.  For  «  >  5,  the  eigenvalues  can  be  approximated 
by  the  equation:  K  «  {An  -h  l)7r/4.  Since  the  effect  of  the 
PZT  actuator  can  be  modeled  by  a  pair  of  moments  at  the 
PZT  edges,  as  shown  in  Figure  3,  the  equivalent  rotational 
structural  impedance  due  to  a  pure  bending  moment  is  given 
by  (Liang  et  al.,  1994): 


Zb  =  Ml{e2  -  (90  =  Ml{e2  -  e,)i02  (14) 

Here,  6^  and  62  correspond  to  the  rotational  angles  at  and 
^2,  respectively,  M  is  the  unit  moment,  and  o)  is  the  excita¬ 
tion  frequency.  The  beam  rotations  can  be  calculated  by: 
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=  L  (15) 

m  =  1 

oo 

Ol  ='Ew„<t>:n\r^U  (16) 

m  =  I 


Since  the  actuator  power  factor  approach  is  based  on  the 
concept  of  mechanical  impedance,  the  actuatof  force  onto 
the  host  structure  can  be  expressed  as: 

F  --  Zi  (17) 

Therefore,  the  equivalent  mechanical  impedance  Z  can  be 
determined  as  a  function  of  the  equivalent  structural  im¬ 
pedance,  Zk,  as: 


Here,  the  PZTqffset  is  the  distance  from  the  top  of  the  canti¬ 
lever  beam  to  the  bottom  of  the  bonded  PZT  on  the  bracket 
unit,  as  shown  earlier  in  Figure  1.  Therefore  by  substituting 
Equations  (18)  and  (14)  into  Equation  (2),  the  actuator  power 
factor  can  be  determined  by  Equation  (1).  This  overall  pro¬ 
cedure  can  then  be  used  to  analytically  plot  the  PZT  actua¬ 
tor  power  factor  variation  as  a  function  of  the  excitation  fre¬ 
quency.  The  analytically  predicted  results  for  the  actuator 
power  factor  for  the  cantilever  beam  set-up  will  next  be 
compared  to  the  experimentally  measured  results  for  the  ac¬ 
tuator  power  factor. 


Analytically  and  Experimentally  Determined 
Actuator  Power  Factor:  Cantilever  Beam 

In  order  to  compare  the  analytically  predicted  results  for 
the  actuator  power  factor  to  the  experimentally  measured 
results,  the  cantilever  beam  described  earlier  was  excited  at 
five  points.  For  these  five  points,  two  different  PZT  actua¬ 
tors  were  used  such  that  the  effect  of  varying  the  PZT  prop¬ 
erties  could  also  be  evaluated.  The  properties  for  the  canti¬ 
lever  beam  and  the  two  different  PZT  actuators  used  for  this 
experiment  are  listed  in  Table  1.  The  PZT  electromechan¬ 
ical  properties  are  listed  in  Table  2.  Analytically  the  ex¬ 


Tab/e  2.  PZT  electromechanical  properties. 


<^22 

y« 

€33 

(m/V) 

(N/m2) 

(Farads/m) 

d 

-166  X  10'^^ 

6.5  X  10’“ 

1.5  X  10-" 

0.012 

0.001 

pected  natural  frequencies  for  this  cantilever  beam  can  be 
calculated  by  the  equation: 


=  kl 


(19) 


Here,  4  is  the  beam  moment  of  inertia,  Ab  is  the  beam 
cross-sectional  area.  Using  this  equation,  the  first  four 
natural  frequencies  for  this  beam  are  shown  in  Table  3.  The 
expected  node  locations  from  the  clamped  edge  of  the  beam 
corresponding  to  the  respective  natural  frequency  are  listed 
in  Table  4.  A  PZT  location  with  respect  to  a  node  location 
on  a  given  beam  is  critical  in  determining  which  mode  can 
be  excited  with  maximum  efficiency.  These  node  locations, 
as  shown  in  Table  4,  will  later  be  used  to  analyze  a  PZT  ac¬ 
tuator’s  ability  to  excite  a  given  mode  with  respect  to  the 
PZT  location  on  the  cantilever  beam.  The  PZT  placement 
distances  given  from  the  beam  clamped  edge  for  the  five 
points  at  which  the  experimentally  measured  and  the  analyt¬ 
ically  predicted  results  are  compared  are  listed  in  Table  5 
for  PZT  #1  and  PZT  ^2.  These  points  are  selected  by  simply 
dividing  the  cantilever  beam  into  five  equal  sections  and 
measuring  and  ^2  by  centralizing  the  PZT  bonded  onto 
the  bracket  unit  within  each  of  these  sections.  For  PZT  #1, 
the  offset  distance,  as  shown  in  Figure  1,  is  0.0044  mm;  for 
PZT  ^2  the  offset  distance  is  0.0036  ni. 

Before  proceeding  further,  a  brief  check  was  made  to  see 
whether  the  two  PZT  actuators  buckle  or  not  in  the  present 
configuration  during  the  excitation  process.  If  the  PZT  actu¬ 
ators  do  not  buckle,  the  analytical  model  for  the  PZT  resul¬ 
tant  moments  will  be  correct.  For  an  applied  sinusoidal  volt¬ 
age  to  a  PZT,  the  PZT  response  is  sinusoidal  as  well. 
However  in  the  offset  configuration  shown  earlier  in  Figure 
3,  a  PZT  can  buckle  and  produce  a  nonharmonic  excitation 
force.  This  nonharmonic  PZT  excitation  force  output  will 
lead  to  a  honharmonic  structural  excitation  and  thus  a  false 
structural  response.  Therefore,  for  a  PZT  in  the  clamp^- 
clamped  configuration,  the  critical  compressive  force  is 
defined  as: 


Table  1. 

Cantilever  beam  and  PZT  specifications. 

(20) 

Properties 

1 

(m) 

w 

(m) 

h 

(m) 

Q 

(kg/m3) 

y 

(N/m2) 

Cantilever 

Table  3.  Cantilever  beam  natural  frequencies. 

beam 

PZT  #1 

PZT  #2 

0.4572 

0.0380 

0.0500 
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7850 

7RAn 

207e9 

fiO  7oQ 
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Table  4.  Cantilever  beam  node  locations. 


Nodes 

Nodes 

Nodes 

Nodes 

(0)nl) 

(0)n2) 

(«n3) 

(«n4) 

(m) 

(m) 

(m) 

(m) 

0 

0,  0.357 

0,  0.229,  0.402 

0,  0.165,  0.293,  0.412 

For  the  PZT  actuators  used,  the  modulus  of  elasticity 
E  —  62.7  X  10®  N/m^,  and  /  is  the  PZT  moment  of  inertia. 
Thus  for  PZT  #1,  ^  170  N,  and  for  PZT  #2,  P,,.  ^ 

550  N,  For  the  maximum  supply  voltage  of  =  1  V,  as 
supplied  by  the  impedance  analyzerused  for  the  power  fac¬ 
tor  measurement,  the  maximum  electric  field  for  PZT 
will  be  156  V/m,and  for  PZT  #2  will  be  1250  V/m.  The 
maximum  compressive  force  for  the  perfect  constraint  case 
(i.e.,  blocked)  for  the  PZT  can  be  computed  as  (Crawley 
and  deLuis,  1993): 

=  AE{E„^)d^,  (21) 

Here,  A  is  the  PZT  cross-sectional  area,  and  =  166  x 
10"‘"  m/V.  Thus  for  PZT  #1,  ^  0.012  N,  and  for  PZT 

n  »  F max  0.135  N.  Therefore  the  compressive  forces  for 
PZT  ^1  or  PZT  are  small  enough  such  that  buckling  does 
not  occur. 

In  order  to  experimentally  determine  the  power  factor 
variation  for  a  cantilever  beam,  an  HP  4194  A  impedance 
analyzer  was  used  to  measure  the  PZT  admittance  (T)  for 
an  excitation  range  of  100-10(X)  Hz.  The  frequency  interval 
for  the  measurement  was  2.250  Hz  (the  minimum  step 
allowed  by  the  impedance  analyzer).  The  impedance  ana¬ 
lyzer  outputs  a  ±  1  V  signal  throughout  the  given  frequency 
range.  The  current  is  modulated  due  to  the  PZT-structure 
interaction  and  results  in  a  change  in  the  PZT  admittance. 
The  real  and  the  imaginary  parts  of  the  admittance  can  then 
be  used  in  Equation  (1)  to  determine  the  actuator  power  fac¬ 
tor. 

The  power  factor  variation  for  pt,  ^1  for  PZT  UX  is  evalu¬ 
ated  for  the  analytical  model  and  the  experimental  measure¬ 
ment,  and  the  power  factor  plot  is  shown  in  Figure  4.  This 
plot  shows  good  conformity  between  the  experimental  and 
the  theoretical  results.  It  can  be  seen  that  at  pt.  ffX,  the 
actuator  is  much  more  efficient  at  exciting  the  fourth  mode 
of  vibration  (819  Hz)  for  the  beam,  than  the  second  mode 
(149  Hz)  or  the  third  mode  (418  Hz).  This  can  be  verified  by 
checking  the  node  locations  for  the  respective  natural 
frequencies.  Since  the  node  for  the  second  mode  is  lo¬ 
cated  near  0.357  m  and  for  the  third  mode  is  located  near 


Figure  4.  Actuator  power  factor:  pt  #7  for  PZT  ff1. 


0.402  m,  the  actuator  location  between  =  0.389  m  and 
$2  =  0.437  m  foils  to  efficiently  excite  these  two  modes. 
The  plot  also  shows  that  the  magnitudes  for  the  analytically 
predicted  power  factor  peaks  are  greater  than  the  magni¬ 
tudes  for  the  experimentally  measured  peaks.  The  beam 
used  for  the  experimental  power  factor  measurement  was 
slightly  “bowed”.  This  lack  of  uniformity  in  the  beam  con¬ 
figuration  resulted  in  variations  in  the  power  factor  peak 
magnitudes  depending  on  how  the  bracket  unit  was  bonded 
onto  the  beam  (i.e.,  bonded  onto  the  concave  up  or  concave 
down  side).  The  frequencies  at  which  the  analytically  pre¬ 
dicted  peaks  occur  are  also  higher  than  those  for  the  ex¬ 
perimental  results.  One  explanation  for  this  is  that  for  the 
experimental  set-up,  the  additional  mass  loading  of  the 
bracket  structure  leads  to  a  decrease  in  the  cantilever  beam 
natural  frequency  magnitudes.  In  relation  to  the  cantilever 
beam,  the  ratio  of  the  weights  of  the  cantilever  beam  to  the 
bracket  unit  without  the  side  supports  is  (10.4:1  or  583  g: 
53  g).  For  this  initial  analytical  model,  the  bracket  unit 
mass  loading  was  not  taken  into  account.  Also,  as  explained 
earlier,  the  increase  in  the  beam  stiffness  due  to  the  offset 
actuator  also  leads  to  an  increase  in  the  experimental  natural 
frequencies.  For  large  structures,  where  the  ratio  of  the 
bracket  unit  weight  to  the  structural  weight  and  where  the 
effect  of  the  actuator  offset  on  the  structural  stiffness,  can  be 
negligible,  the  variations  between  the  experimental  and  the 
theoretical  power  factor  peaks  and  natural  frequency  magni¬ 
tudes  should  be  greatly  reduced.  The  baseline  for  the  ana¬ 
lytically  predicted  results  is  also  higher  than  that  for  the  ex¬ 
perimental  results.  This  is  because  of  the  approximation  for 
the  PZT  dielectric  loss  factor,  6,  for  the  analytical  model. 
An  increase  in  6  raises  the  analytical  power  factor  baseline 


Table  5.  PZT  placement  distances  ^  and  (2  (m). 

Locations  Pt.  #1  (^,^2)  (m)  Pt.  #2  (^,^2)  (m)  Pt.  #3  (^,{2)  (m)  Pt.  #4  (^,$2)  (m)  Pt.  #5  (^1,^2)  (m) 

PZT  #1  0.389,0,437  0.297,0,345  0.198.0.246  0.114,0.163  0.020.0.069 

P2T  #2  0.384,0.445  0.292,0.353  0.201,0.262  0.109,0.170  0.018,0.079 


and  a  decrease  in  d  will  yield  a  closer  analytical  model  in 
terms  of  the  power  factor  baseline.  For  the  analytical  re¬ 
sults,  the  magnitude  of  the  power  factor  peaks  were  also 
strongly  dependent  on  the  PZT  location  on  the  beam  (i.e., 
^1,  ^2).  Therefore,  since  the  bracket  structure  contacted  the 
cantilever  beam  over  an  area  of  approximately  0.02  x 
0.02  m^,  the  locations  ^1  and  ^2  could  only  be  approximated. 
Thus  the  actual  moment  locations  may  not  be  exactly  at 
and  I2,  as  shown  in  Figure  1. 

The  power  factor  variation  for  pt.  for  PZT  #2  for  the 
analytical  model  and  the  experimental  measurement  is 
shown  in  Figure  5.  This  plot  also  is  qualitatively  similar  to 
the  plot  for  pt.  #1  for  PZT  #1.  For  this  case,  even  with  a  sig¬ 
nificant  change  in  the  actuator  configuration,  the  experi¬ 
mental  results  show  good  conformity  to  the  theoretical  re¬ 
sults.  As  for  the  case  for  PZT  ^1  for  these  experimental 
results,  the  main  reason  for  the  decrease  in  the  experimental 
natural  frequency  values  is  the  mass  loading  effect  of  the 
bracket  unit.  Since  PZT  ^2  was  longer  than  PZT  a 
longer  bracket  unit  was  also  used  for  this  case.  The  overall 
dimensions  of  the  center  pieces  for  this  case,  however,  are 
identical  to  those  used  for  PZT 

The  experimentally  measured  and  the  analytically  pre¬ 
dicted  actuator  power  factor  plots  for  PZT  for  pt.  #2,  pt. 
^3,  pt.  M,  and  pt.  #5,  respectively,  are  shown  in  Figure  6. 
The  plots  show  that  as  the  bracket  unit  location  (i.e.,  actua¬ 
tor  location)  is  shifted  on  the  beam  towards  the  clamped 
edge  (i.e.,  from  pt.  to  pt.  ^5),  the  actuator’s  ability  to  ex¬ 
cite  a  given  mode  of  vibration  changes.  At  pt.  #3,  which  is 
close  to  one  of  the  nodes  at  0.229  m  of  the  cantilever  beam 
corresponding  to  the  third  mode  of  vibration  (418  Hz),  the 
actuator  is  extremely  inefficient  at  exciting  this  mode.  This 
trend  for  pt.  #3  as  predicted  by  the  power  factor  algorithm 
is  also  demonstrated  by  the  experimental  data.  The  power 
factor  plots  for  pt.  ^2,  pt.  ^3,  and  pt.  M  show  reasonably 
good  conformity  between  the  analytical  and  the  experimen¬ 
tal  results.  For  pt.  #5,  analytically,  the  fourth  mode  of  vibra¬ 
tion  for  the  beam  (819  Hz)  should  not  occur.  However  ex¬ 
perimentally,  this  mode  does  occur.  One  reason  for  this 
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occurrence  is  that,  analytically,  the  bracket  unit  is  located 
near  one  of  the  nodes  for  the  fourth  mode  (i.e.,  at  0  m). 
However,  the  bracket  unit  location  as  seen  by  the  beam  for 
the  experimental  setup  is  actually  further  away  from  the 
clamped  edge  than  represented  by  and  for  pt.  #5.  The 
reason  for  this  effect  includes  an  “imperfect”  clamped  con¬ 
figuration  and  a  shift  towards  the  free  edge  of  the  beam  in 
the  node  locations  due  to  the  addition  of  the  bracket  unit 
mass  for  the  experimental  setup.  Therefore,  if  the  mass 
loading  effect  (weight  and  location)  of  the  bi^acket  unit  were 
taken  into  account,  this  fourth  mode  perhaps  could  have 
been  predicted  analytically. 

The  experimentally  measured  and  the  analytically  pre¬ 
dicted  actuator  power  factor  plots  for  PZT  m  for  pt.  #3,  and 
pt.  ^5,  respectively,  are  shown  in  Figure  7.  As  for  the  case 
for  PZT  ^1,  the  analytical  and  the  experimental  power  factor 
results  for  PZT  #2  for  pt.  #3  shows  good  correlation.  Again 
as  pt.  ^3  is  close  to  one  of  the  nodes  for  the  cantilever  beam 
(node  at  0.229  m  corresponding  to  cx)„3  =  418  Hz),  the  actu¬ 
ator  is  unable  to  excite  this  mode  efficiently.  For  pi.  ^5,  the 
actuator  in  this  case  analytically  should  be  unable  to  excite 
the  fourth  mode  of  vibration  (i.e.,  819  Hz).  However  ex¬ 
perimentally,  this  mode  is  excited  for  the  given  actuator 


(b) 

Figure  7.  Actuator  power  factor  (or  PZT  #2;  (a)  pt.  #3  for  PZT  #2 
and  (b)  pt  #5  for  PZT  #2. 


Figure  8.  Three-dimensional  power  factor  layout. 


location.  As  in  the  case  for  PZT  ^1,  if  the  bracket  unit  mass 
loading  effect  was  taken  into  account  for  PZT  ^2,  for  pt.  ^5 
this  mode  perhaps  could  have  been  predicted  analytically. 

Next,  the  power  factor  results  for  PZT  ^1,  as  predicted  by 
the  actuator  power  factor  algorithm,  are  plotted  in  three 
dimensions,  as  shown  in  Figure  8.  The  distance  label  on  the 
graph  represents  the  distance  measured  from  the  beam 
clamped  edge.  This  type  of  a  3-D  plot  can  be  very  helpful 
as  a  practical  “tool”  for  a  more  complicated  structure  for 
evaluating  and  determining  approximately  at  which  location 
and  for  which  excitation  frequency  range  a  given  actuator  is 
best  suited  as  the  actuator  location  on  the  structure  is  varied. 

CONCLUSION 

In  conclusion,  the  concept  of  actuator  power  factor  has 
thus  far  proven  to  be  a  very  helpful  tool  in  determining  the 
optimal  actuator  location  and  cotifigu ration  for  a  given 
structure,  as  demonstrated  by  the  cantilever  beam  example 
in  this  paper.  For  variations  in  the  actuator  location  and  the 
actuator  configuration,  the  analytically  determined  power 
factor  results  show  good  conformity  with  the  experimentally 
measured  results.  These  results  also  complement  the  ability 
of  the  bracket-type  unit  designed  for  the  actuator  plate 
relocation  to  efficiently  excite  a  structure  in  a  manner  quali¬ 
tatively  similar  to  a  bonded  actuator.  For  the  future,  the  ac¬ 
tuator  power  factor  algorithm  will  be  evaluated  for  a  larger 
structure  (i.e.,  plate,  cylinder).  Again,  the  relocation  capa¬ 
bility  of  the  actuator  plate  as  allowed  by  the  bracket  unit  will 
similarly  be  utilized  for  the  case  of  the  more  complex  struc¬ 
ture.  These  comparisons  will  lead  to  a  broader  understand¬ 
ing  as  to  the  capabilities  and  the  limitations  of  the  actuator 
power  factor  algorithm  as  a  tool  for  determining  the  optimal 
configuration  and  location  for  a  PZT  actuator  for  structural 
vibration  control  applications. 
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ABSTRACT:  While  converting  electrical  energy  into  mechanical  energy  to  actuate  structures, 
piezoelectric  (PZT)  elements  experience  a  temperature  increase  due  to  internal  heat  generation 
caused  by  their  mechanical  damping  and  dielectric  loss.  In  practice,  if  the  actuation  is  operated  at 
system  resonance  or  with  a  relatively  high  electrical  field,  the  heat  generation  throughout  PZT  actu¬ 
ators  may  be  significant.  The  temperature  rise  of  PZT  elements  may  result  in  the  acceleration  of 
material  aging,  even  thermal  damage.  The  situation  becomes  worse  if  the  actuated  host  structures 
are  made  of  thermal-resistant  materials,  such  as  polymeric  matrix  composites  and  glass.  In  addition, 
the  temperature  distribution  in  PZT  elements  induces  thermal  stress  that  may  increase  the  overall 
stress  level  and  reduce  the  maximum  safe  stress.  However,  investigations  done  to  dale  on  these  issues 
have  been  limited. 

This  paper  presents  a  simple  analytical  approach  to  estimate  temperature  rise  and  thermal  .stress 
in  PZT  patch  actuators  due  to  dynamic  excition.  A  one-dimensional  heal  transfer  model  is  developed 
for  integrated  PZT/plaie  structures.  The  temperature  field  of  the  PZT  actuators  is  analytically  found 
and  the  corresponding  thermal  stress  is  predicted.  To  determine  the  internal  heal  dissipation  in  PZT 
actuators,  an  electro-mechanical  impedance  model  developed  by  the  authors  is  directly  applied.  The 
dissipative  power  in  the  systems,  consumed  by  mechanical  damping  and  dielectric  loss  of  the  PZT 
actuators,  and  structural  damping  of  the  host  structure,  is  first  determined.  The  dissipative  power  is 
then  treated  as  the  equivalent  thermal  dissipation  to  create  a  distributed  heat  source  throughout  the 
PZT  actuators  and  host  structures. 

In  the  case  studies,  the  PZT  patch  elements  were  used  to  actuate  a  simply-supponed  plate.  The 
impact  of  the  thermal  stress  on  the  overall  stress  level  is  discussed  in  the  paper.  The  effects  of  actua¬ 
tor  thickness  and  material  properties  on  the  actuator  temperature  and  the  thermal  stress  level  have 
also  been  investigated. 


INTRODUCTION 

Piezoelectric  (PZT)  materials  have  been  most  com¬ 
monly  used  as  active  elements  in  adaptive  structures  for 
various  industrial  and  research  applications.  For  the  pur¬ 
pose  of  structural  actuation,  the  mechanical  output  perfor¬ 
mance  and  dynamic  behaviors  of  PZT  elements  have  been 
widely  investigated  (Bailey  and  Hubbard,  1985;  Crawley 
and  de  Luis,  1987;  Crawley  and  Lazarus,  1991;  Dimitriadis 
et  al.,  1989;  Liang  et  al.,  1993;  Zhou  et  al.,  1993).  For 
space  applications,  system  power  consumption  is  one  of  the 
major  concerns.  Enhancing  energy  conversion  efficiency 
results  in  a  reduction  in  the  cost  and  mass  of  systems,  two  of 
the  major  obectives  of  adaptive  structures.  Stein  et  al. 
(1993)  investigated  the  power  consumption  of  a  PZT  actua¬ 
tor  integrated  on  an  underwater  structure  that  radiates 
sound,  and  considered  the  power  requirements  in  the  active 
acoustic  control.  Lomenzo  et  al.  (1993)  developed  a  tech¬ 
nique  to  maximize  mechanical  power  transfer  from  the 
stacked  PZT  actuators  to  the  host  structures.  Zhou  et  al. 


♦Author  to  whom  correspondence  should  be  addressed. 


(1994)  performed  a  coupled  electromechanical  impedance 
analysis  for  two-dimensional  PZT  actuator-driven  systems 
and  discussed  the  influence  of  different  dissipators  on  the 
system  power  factor  and  the  system  power  requirement. 

The  system  dissipative  power  is  eventually  transformed 
into  internal  heat  energy  in  PZT  elements.  An  increase  in 
the  temperature  of  the  actuators  is  thus  inevitable.  The 
phenomenon  of  temperauire  rise  of  PZT  actuators  has 
often  been  noticed  in  experiments.  When  PZT  elements  op¬ 
erate  at  a  certain  temperature,  piezoelectric  properties, 
such  as  the  dielectric  constant  and  the  piezoelectric 
constant,  change  because  of  the  strong  temperature  de¬ 
pendency.  Figures  I  and  2  show  the  variation  of  piezoelec¬ 
tric  constant  and  relative  dielectric  constant  {K)  with 
temperature,  respectively  (Piezo  Systems,  Inc.,  1993).  The 
material  of  PSI-5H  displays  stronger  temperature  sensitivity 
than  PSI-5A. 

If  the  temperature  is  close  to  the  Curie  temperature  of 
PZT  materials,  which  represents  a  maximum  operating 
temperature  before  suffering  a  permanent  loss  of  piezoelec¬ 
tricity,  the  maximum  safety  stress  of  PZT  elements  is  re¬ 
duced  and  thermal  damage  may  take  place.  The  Curie  tem¬ 
perature  is  about  350°C  for  PSI-5A,  and  about  200°C  for 
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Figure  1.  Influence  of  temperature  on  the  piezoelectric  constant, 
d3T,  for  typical  piezoelectric  materials:  PSF5A  and  PSI-5H  (Piezo 
Systems,  Inc.). 


spending  thermal  stress  will  be  quantitatively  estimated.  To 
determine  the  rate  of  internal  heat  generation  in  PZT  actua¬ 
tors,  a  coupled  electro-mechanical  system  model  developed 
by  the  authors  is  directly  used.  The  system  dissipative  power 
will  be  predicted  and  treated  as  equivalent  thermal  dissipa¬ 
tion  to  generate  a  distributed  heat  source  throughout  PZT 
actuators  and  host  structures.  A  piezoelectric  actuator- 
driven  simply-supported  plate  will  be  used  in  the  case  stud¬ 
ies.  A  comparison  between  the  thermal  stress  level  and  the 
mechanical  stress  level  is  made  to  identify  the  impact  of  the 
thermal  stress  on  the  overall  stress  level.  The  effects  of  the 
actuator  thickness,  the  magnitude  of  applied  voltage,  and 
material  properties  on  the  actuator  temperature  and  the 
thermal  stress  level  will  be  investigated. 


ANALYTICAL  MODEL 


PSI-5H,  respectively.  In  practice,  as  PZT  elements  are  used 
for  structural  actuation  at  the  system  resonance  or  with  a 
large  electrical  field,  heat  generation  throughout  PZT  actua¬ 
tors  may  be  significant.  Sometimes,  the  tin  solder  points  on 
the  surface  of  PZT  actuators  even  melt  down.  The  situation 
becomes  worse  if  actuated  host  structures  are  made  of  ther¬ 
mal  resistant-materials,  such  as  polymeric  matrix  compos¬ 
ites  or  glass.  In  the  meantime,  the  temperature  gradient  ex¬ 
isting  in  PZT  elements  induces  thermal  stress,  which  may 
have  an  impact  on  the  overall  mechanical  stress.  Therefore, 
the  heat  transfer  analysis  of  integrated  PZT  elements  in 
structural  actuation  is  of  practical  engineering  importance. 
Investigation  of  these  issues,  however,  has  been  limited. 

The  emphasis  of  this  current  work  is  on  the  development 
of  a  simple  approach  to  analyze  and  estimate  temperature 
rise  of  PZT  elements  because  of  internal  heat  generation.  A 
one-dimensional  heat  transfer  model  will  be  applied  to  inte¬ 
grated  PZT/plate  structures.  The  temperature  field  of  the 
PZT  actuators  will  be  analytically  found  and  the  corre- 


Figure  3  illustrates  the  schematic  geometry  of  an  inte¬ 
grated  PZT/plate  structure.  Two  PZT  patches  are  bonded  on 
the  top  and  bottom  surfaces  of  the  plate.  The  integrated 
PZT/plate  system  is  exposed  to  ambient  room  air  without  an 
external  cooling  source.  It  is  assumed  that  the  thickness  of 
the  plate  and  the  PZT  element  is  much  smaller  than  the 
sizes  in  the  other  coordinate  directions.  The  flow  of  heat 
through  the  plate  and  the  PZT  element  thus  depends  only  on 
the  coordinate  measured  normal  to  the  x-y  plane,  resulting 
in  a  one-dimensional  heat  transfer  problem  with  no  edge  ef¬ 
fects.  Figure  4(a)  shows  such  a  one-dimensional  model.  The 
internal  heat  generation,  Qp ,  is  assumed  to  be  uniform 
throughout  the  PZT  element  and  the  plate,  respectively.  The 
steady  state  temperature  distribution  of  the  PZT  element 
needs  to  be  found,  and  thermal  stress  induced  in  the  PZT  el¬ 
ement  can  then  be  estimated. 

Considering  the  symmetrical  condition  of  heat  transfer, 
the  problem  shown  in  Figure  4(a)  may  be  simplified  to  the 
equivalent  situation  displayed  in  Figure  4(b).  The  mid-plane 


from  view  (unit-  mm) 


PZT  patch 


Figure  2.  Influence  of  temperature  on  the  relative  dielectric  con¬ 
stant,  K,  for  typical  piezoelectric  materials:  PSI-5A  and  PSI-5H 
(Piezo  Systems,  Inc.). 
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(a) 


(b) 

Figure  4.  Schematic  diagram  of  a  heat  transfer  model  for  the  analy¬ 
sis  of  temperature  distribution  of  PIT  elements  integrated  with  a 
plate  structure. 


d^T 

dz^ 


Q* 


and 


T  -  Qi  +  bjz 


(3) 


(4) 


where  and  bz  are  integration  constants.  To  determine  a, , 
b,,  Oi,  and  bz,  one  may  use  the  boundary  conditions, 


=  0 


=  h(Tz  -  rj 


(5) 


and  the  temperature  continuity  and  heat  transfer  continuity 
at  the  interface  of  the  PZT  element  and  the  plate. 


(6) 


The  constant,  h,  in  Equation  (5)  refers  to  the  convection 
heat  transfer  coefficient,  or  film  coefficient.  For  free  convec¬ 
tion  in  air,  h  ~  5-25  w/(m^  C)  (Chapman,  1974).  Tj  and 
in  Equation  (6)  are  the  surface  temperature  of  the  PZT 
element  and  the  air  temperature  at  the  ventilated  room,  re¬ 
spectively.  The  heat  flux  q  in  Equations  (5)  and  (6)  can  be 
found  by  using  Fourier’s  law: 


of  the  plate  is  isolated,  that  is,  dT/dz  =  0.  The  governing 
differential  equation  of  the  temperature  distribution  cross 
the  PZT  element  is  depicted  by: 


(1) 


in  which  the  minus  sign  indicates  that  the  heat  flow  is  taken 
to  be  positive  if  dT  is  negative  in  the  direction  of  increasing 
z ;  5  is  the  surface  area  of  the  plane  structure.  Substituting 
Equations  (2),  (4)  and  (7)  into  Equations  (5)  and  (6)  and 
solving  for  the  integration  constants  yield: 


where  the  subscript  p  denotes  the  parameters  of  the  PZT  el¬ 
ement;  k  symbolizes  the  thermal  conductivity;  2*  repre¬ 
sents  the  rate  at  which  heat  is  being  internally  generated  in 
the  PZT  patch  per  unit  volume  (watt/m^):  0*  =  Q/V and  V 
is  the  volume  of  the  element;  and  7  is  the  temperature  distri¬ 
bution  in  the  PZT  element.  Twice  integrating  Equation  (I) 
with  respect  to  the  coordinate  i  obtains: 

O* 

Tp  -  a,  +  h,z  -  (2) 

where  Oi  and  bt  are  the  integration  constants. 

For  the  host  plate,  the  governing  differential  equation  of 
the  temperature  distribution  and  the  corresponding  solution 
are  similar  to  Equations  (1)  and  (2): 


+  Q?(Zz  -  Zi)]  +  7„ 


b,  =  g*) 


02 


zUq: 

2\k 


+  b,zi 


bz  =  0 


(8) 


where  z,  and  Zz  are  the  coordinates  of  the  two  surfaces  of  the 
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PZT  element;  and  the  heat  generation  rate,  Q*  in  the  PZT 
actuator  and  2*  in  the  plate,  can  be  obtained  from  a  cou¬ 
pled  electro-mechanical  system  model  and  will  be  devel¬ 
oped  later.  Substituting  Equation  (8)  into  Equation  (2),  the 
surface  temperature  of  the  PZT  element,  Tj,  can  be  ob¬ 
tained  by: 

T2  =  ^(2*2.  +  2p*(Z2  -  z.)]  +  T.  (9) 

Equation  (9)  indicates  that  the  temperature  in  a  PZT  ele¬ 
ment  increases  with  the  rate  of  the  internal  heat  generation, 
2* and  Q*  respectively.  In  addition,  the  temperature  is  in¬ 
versely  proportional  to  the  heat  conductivity  of  host  struc¬ 
tures. 

The  induced  thermal  stress,  ctt-,  is  estimated  by: 

Or  =  ypYp(Ti  —  T2)  (10) 

where  Yp  and  jp  denote  the  real  Youngs  modulus  and  the 
coefficient  of  thermal  expansion  of  piezoelectric  materials, 
respectively.  For  PSI-5A-S3  material  (Piezo  System,  Inc., 
1993),  7p  =  4  X  10“^  (m/nv°C). 


HEAT  GENERATION  OF  THE 
INTEGRATED  SYSTEM 

To  estimate  the  heat  generation  in  integrated  PZT/plate 
systems,  a  coupled  electro-mechanical  system  model  is 
needed  to  quantitatively  predict  dissipative  power  consump¬ 
tion  in  the  system.  The  power  supplied  to  the  PZT  actuator 
is  actually  decomposed  into  two  components  (Zhou  et  al., 
1994):  one  is  the  dissipative  power, 

L  Vn.  VI 

P  =  — ^  cos  4>  =  y  Re(/1*)  (II) 

and  the  other  is  the  reactive  power, 

/  y  y2 

R  =  sin  4>  ~  -y  Im(/I*)  (12) 

where  is  the  electro-mechanical  admittance  of  the 
system  and  the  superscript  *  symbolizes  a  complex  number. 
The  subscript  m  denotes  the  magnitude  of  the  electrical  pa¬ 
rameters:  the  applied  voltage,  V  ~  and  the  current 

in  the  circuit,  I  L  ;  <f)  denotes  the  phase  between 

the  current  and  voltage;  j  symbolizes  the  imaginary  part  of 
a  complex  number;  and  uj  is  the  input  angular  frequency; 
and  the  total  electrical  power,  i.e.,  apparent  power,  is  ex¬ 
pressed  by: 

w  =  sfF~T~R^  (13) 


The  power  requirement  of  the  system  can  be  estimated  from 
the  maximum  value  of  the  apparent  power. 

It  is  clearly  seen  that  the  system  power  consumption  is  es¬ 
sentially  dominated  by  the  coupled  electro-mechanical  ad¬ 
mittance  of  the  system.  The  complex  electro-mechanical 
impedance  of  the  integrated  PZT/plate  system  was  derived 
by  the  authors.  The  detailed  theoretical  development  can  be 
found  in  a  separate  reference  (Zhou  et  al.,  1994).  The  rele¬ 
vant  formulations  are  directly  given  here.  When  an  electri¬ 
cal  field,  E  =  V/Hp,  is  applied  cross  a  PZT  element  along 
the  polarization  direction  (3),  the  current  passing  through 
the  PZT  actuator  can  be  derived  based  upon  the  capacitor 
behavior  for  the  PZT  material.  Then,  following  the  defini¬ 
tion  of  coupled  electro-mechanical  admittance  gives: 


(14) 


where  S,  —  sin  (aplp)  and  =  sin  (OpW^);  Ip,  and 
Hp  are  the  length,  width,  and  thickness  of  the  PZT  element, 
respectively;  dii  is  the  piezoelectric  constant;  Up  is  the 
Poisson’s  ratio  of  the  PZT  material;  ej,  =  633(1  -  jdp)  is 
the  complex  dielectric  constant  at  zero  stress;  dp  is  the 
dielectric  loss  factor  of  the  PZT  actuator;  Y*  =  7^(1  + 
jrjp)  is  the  complex  Young’s  modulus  at  a  zero  electrical 
field;  r}p  is  the  structural  loss  factor.  The  wave  number, 
is  defined  as: 


in  which  q  is  the  mass  density.  The  matrix  in  Equation 
(14)  is  depicted  by: 


(16) 


in  which  C  =  cos  (otplp)  and  C  =  cos  (apWp);  and 
Zyy  are  the  direct  impedance,  and  Z^y  and  Zy^  are  the  cross 
impedance  of  the  plate  at  the  mid-point  of  the  edge  of  the 
PZT  element,  respectively.  For  a  simply-supported  plate, 
the  analytical  solutions  of  the  mechanical  impedance  of  the 
system  have  been  derived  by  the  authors  (Zhou  et  al. ,  1994). 
For  complex  structures,  a  finite  element  analysis  or  experi¬ 
mental  approaches  is  helpful  to  determine  the  mechanical 
impedance  of  the  system. 
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Our  current  interest  is  in  the  system  dissipative  power.  It 
basically  includes  three  parts  in  an  integrated  PZT/substrate 
system:  (1)  the  power  dissipated  by  the  structural  damping  of 
the  host  structure,  which  is  related  to  the  structural  loss  fac¬ 
tor  in  the  complex  Young’s  modulus;  (2)  the  power  con¬ 
sumed  by  the  material  damping  of  the  PZT  actuator;  (3)  the 
power  consumption  caused  by  the  dielectric  loss  of  the  PZT 
actuator  The  dissip’ktive  power  is  assumed  to  be  totally  con¬ 
verted  into  thermal  energy  to  heat  the  system.  The  heat  gen¬ 
eration  rate  in  the  PZT  element  may  be  obtained  by  setting 
a  zero  structural  loss  factor  for  the  plate  in  Equations  (11) 
and  (14): 


(17) 


Similarly,  assuming  a  zero  mechanical  loss  and  dielectric 
loss  of  the  PZT  element  in  Equations  (11)  and  (14)  gives  the 
heat  generation  rate  in  the  plate: 


Q* 


(18) 


where  /,  w,  and  Hare  the  length,  width,  and  thickness  of  the 
plate,  respectively. 


NUMERICAL  CASES  AND  DISCUSSION 


the  PZT  actuator  is  calculated  using  Equation  (9).  Figure  5 
shows  the  numerical  results.  The  temperature  rapidly  in¬ 
creases  with  the  applied  voltage  because  the  internal  heat 
generation  rises  with  the  order  of  the  square  of  the  applied 
voltage.  At  a  constant  voltage,  decreasing  the  actuator  thick¬ 
ness  produces  a  stronger  electrical  field,  resulting  in  an  in¬ 
crement  of  the  surface  temperature. 

When  a  voltage  of  120  volts  is  applied  to  the  PZT  actuator 
with  the  thickness  of  0.2  mm  to  excite  the  5th  mode,  the 
temperature  is  up  to  216 ®C  which  exceeds  the  melting  point 
of  the  tin  solder.  A  simple  experiment  was  conducted  to  ac¬ 
tuate  an  aluminum  plate  of  the  size  203  x  101.6  x  1  mm 
(8"  X  4"  X  0.04")  using  the  PZT  patches  (H^  =  0.19 
mm).  The  phenomenon  of  melting  of  the  tin  solder  was 
observed. 

To  identify  the  impact  of  the  thermal  stress  on  the  overall 
stress  level  of  the  PZT  actuator,  the  mechanical  stress  needs 
to  be  determined.  The  induced  mechanical  stress  in  the  PZT 
element,  a,  and  can  be  calculated  as  follows  (Zhou  et 
al.,  1994): 


(19) 


A  simply-supported  aluminum  thin  plate  integrated  with 
PZT  patch  elements  is  used  in  the  current  case  studies.  The 
geometric  configuration  of  the  integrated  PZT/plate  system 
is  shown  in  Figure  3.  The  PZT  elements  are  located  on  the 
plateau:,  =  158.8 mm  (6.25")  and y,  =  82.6  mm  (3.25"). 
The  sizes  of  the  plate  and  the  PZT  patch  are  228.6  x  127  x 
1  mm  (9"  X  5"  x  0.04")  and  38.1  x  25.4  mm  (1.5"  x 
1 "),  respectively.  Table  1  lists  the  basic  material  properties 
of  the  PZT  (PSI-5A-S3)  and  the  plate. 

The  effect  of  the  applied  electrical  field  on  the  surface 
temperature  of  the  PZT  element  is  first  examined.  The 
thickness  of  the  PZT  actuator  is  selected  as  Hp  =  0.1,  0.2, 
and  0.4  (mm).  The  free  convection  heat- transfer  coefficient 
h  in  air  at  the  ventilated  room  temperature,  =  20-C,  is 
chosen  as  7  (w/m^-®C).  The  integrated  system  is  assumed 
to  be  excited  with  a  harmonic  input  at  the  5th  mode  that  is 
at  a  frequency  of  about  800  Hz.  The  surface  temperature  of 


where  72^2  is  an  identical  matrix;  and  Xp  and  are  the  loca¬ 
tion  coordinates  of  the  stress  point  on  the  PZT  actuator.  The 
mechanical  stress  is  a  function  of  excitation  frequency  and 
the  mechanical  impedance  of  the  system.  It  is  assumed  that 
the  stress  is  measured  ax  Xp  =3  mm  and  yp  =  19  mm.  The 
size  of  the  plate  is  again  228.6  x  127  x  1  mm  (9  "  X  5  "  x 
0.04").  The  size  of  the  PZT  element  is  38.1  x  25.4  x  0.2 
mm  (1.5"  X  1 "  X  0.04").  Figure  6  illustrates  the  mechan¬ 
ical  stress  characteristics.  The  induced  dynamic  stress  is  a 
complex  stress.  At  the  resonant  frequencies  of  the  integrated 
system,  the  induced  stress  levels  are  very  high  because  of 
the  minimum  structural  impedance.  While  at  off-resonance 
the  induced  dynamic  stress  approaches  the  static  stress  that 
is  calculated  using  the  static  model  developed  by  Dimitriadis 
et  al.  (1989). 

If  a  228.6  X  127  X  4  mm  (9"  x  5"  x  0.16")  plate  is  ex¬ 
cited  at  the  5th  mode  and  the  applied  electrical  field  is  main- 


Table  1,  Material  properties  of  the  PZT  element*  and  the  aluminum  plate. 


Young’s 

Mass 

Dielectric 

Thermal 

Modulus 

Density 

Poisson’s 

Constant 

Loss 

Conductivity 

(N/m*) 

(kg/m’) 

Ratio 

(m/volt) 

Factor 

(w/m.c) 

PZT 

5.7  X  lO"* 

-1.8  X  10-'“ 

23 

Aluminum 

6.9  X  10’“ 

WSBSMKi 

N/A 

0.005 

112 
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Applied  votlJLgc  (vckh) 

Figure  5.  Effect  of  the  applied  electrical  field  on  the  surface  temper¬ 
ature  of  PZT  elements. 


tained  at  250  (volt/mm),  Equations  (10)  and  (19)  can  be  used 
to  obtain  the  thermal  stress  and  mechanical  stress  of  the 
PZT  element,  respectively.  Figures  7  and  8  show  the  nu¬ 
merical  results.  The  thermal  stress  induced  in  the  PZT  ele¬ 
ment  increases  when  the  element  becomes  thicker  and 
thicker,  as  displayed  in  Figure  7.  The  mechanical  stress, 
however,  significantly  declines  when  the  thickness  of  the 
PZT  element  goes  up,  as  displayed  in  Figure  8.  It  can  be  ex¬ 
plained  that  the  thicker  PZT  element  has  a  larger  cross  sec¬ 
tional  area  that  relieves  the  mechanical  stress.  On  the  other 
hand,  the  thicker  element  produces  a  larger  temperature 
difference,  leading  to  a  higher  thermal  stress.  This  observa¬ 
tion  implies  that  the  thermal  stress  in  a  stack  PZT  actuator 
(or  a  multilayer  actuator)  may  become  a  major  factor  to  in¬ 
fluence  the  overall  stress  levels.  It  is  also  noted  that  the 
stress  doesn’t  linearly  change  with  the  actuator  thickness 
because  the  structural  mechanical  impedance  is  not  simply 
linear  function  of  the  actuator  thickness. 


xlO* 


Figure  6.  The  mechanical  stress  characteristics  of  the  integrated 
PZT  elements. 


Figure  7.  The  thermal  stress  goes  up  as  the  thickness  of  the  inte¬ 
grated  PZT  element  increases  (E  =  250  volt/mm;  H  =  4  mm). 


From  a  design  point  of  view,  one  way  to  reduce  the  in¬ 
duced  stress  level  in  PZT  elements  is  to  limit  the  active  volt¬ 
age,  leading  to  a  decline  in  both  the  mechanical  and  thermal 
stress.  In  this  case,  the  actuation  force  also  decreases.  The 
other  way  is  to  increase  the  cross-sectional  area  of  PZT  ele¬ 
ments  as  the  voltage  increases  so  that  the  electrical  field  is 
maintained  at  a  relatively  low  level  to  avoid  possible  thermal 
damage  and  mechanical  degradation  in  the  PZT  elements. 
In  general,  when  a  thin  PZT  patch  is  used  for  the  structural 
actuation,  the  induced  mechanical  stress  is  of  major  concern 
and  the  surface  temperature  of  the  actuator  should  also  be 
considered.  While  a  multilayer  actuator  or  a  stack  actuator 
is  applied  for  the  actuation,  the  thermal  stress  may  become 
an  important  factor  in  the  actuator  design  and  application. 

To  examine  the  influence  of  the  thermal  conductivity  of 
the  host  plate  on  the  surface  temperature  of  PZT  elements, 
three  types  of  materials  with  different  thermal  conductivity 
are  selected:  aluminum,  nickel  steel,  and  glass.  Table  2  lists 

xlO* 


Figure  8.  The  mechanical  stress  decreases  as  the  thickness  of  the 
integrated  PZT  element  increases  (E  =  250  volt/mm;  H  = 
4  mm). 
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Table  2.  Material  properties  of  the  different 
plates  and  the  PZT  actuators. 


Young's 

Modulus 

(N/m^) 

Mass 

Density 

(kg/m^) 

Thermal 

Conductivity 

(w/m®C) 

Nickel  steel 

o 

O 

X 

8800 

18.6 

Glass  plate 

6.4  X  10'“ 

2300 

0.76 

Aluminum 

6.9  X  10’“ 

2700 

112.5 

the  basic  properties  of  the  materials.  For  simplification,  it  is 
assumed  that  three  investigated  plates  have  the  same  geo¬ 
metric  size  and  the  structural  damping.  Figure  9  shows  the 
numerical  results.  As  PZT  actuators  are  used  to  excite 
thermal-resistant  material,  such  as  glass  and  nickel  steel, 
the  temperature  rises  quickly.  Under  the  condition  of  a  con¬ 
stant  magnitude  of  applied  voltage,  host  structures  with  a 
good  conductivity  can  slow  down  the  temperature  hike  of 
PZT  actuators  as  shown  in  Figure  9.  The  possible  thermal 
degradation  can  be  then  relieved. 


CONCLUSIONS 

•  A  simple  one-dimensional  heat  transfer  model  for 
piezoelectric  elements  for  structural  actuation  has  been 
suggested.  The  analytical  model  has  been  developed  to 
quantitatively  estimate  the  temperature  rise  and  the  in¬ 
duced  thermal  stress  of  the  PZT  elements. 

•  The  heat  generation  of  the  integrated  PZT/plate  system 
has  been  determined  from  the  dissipative  power  con¬ 
sumption  using  the  electro-mechanical  system  model. 

•  Case  studies  have  demonstrated  that  when  the  PZT  actua¬ 
tor  operates  at  system  resonance,  or  with  a  relatively  high 


Figure  9.  Influence  of  the  thermal  conductivity  of  the  host  struC’ 
tures  on  the  surface  temperature  of  the  integrated  PZT  element  (E  = 
250  volt/mm;  H  =  4  mm;  and  Hp  =  0.2  mm). 


electrical  field,  the  heat  generation  and  temperature  rise 
of  PZT  actuators  is  significant  and  may  cause  the  thermal 
degradation,  even  damages  of  PZT  elements.  The  tem¬ 
perature  of  PZT  actuators  increases  with  the  applied  volt¬ 
age  because  the  heat  dissipation  is  proportional  to  the 
square  of  the  applied  voltage.  Under  the  excitation  with  a 
constant  voltage,  a  thinner  PZT  actuator  gains  higher 
temperature  rise  due  to  the  higher  electrical  field. 

•  The  thermal  stress  increases  with  the  thickness  of  PZT 
actuators.  When  a  thicker  PZT  patch  or  a  multilayer  or  a 
stacked  PZT  actuator  is  used  for  structural  actuation,  the 
thermal  stress  may  become  a  significant  factor  influenc¬ 
ing  the  strength  design  of  the  PZT  actuator. 

•  When  the  thermal  resistant  materials  are  used  for  host 
structures,  the  temperature  in  PZT  elements  increases 
quickly,  and  cooling  measures  may  be  needed  to  avoid 
the  possible  thermal  damages. 


NOMENCLATURE 

A  Electro-mechanical  admittance 
d  Piezoelectric  constant 
E  Electric  field 

h  Convection  heat  transfer  coefficient 
H  Thickness  of  a  structure 
j  Imaginary  part  of  a  complex  number 
k  Thermal  conductivity 
/  Length  of  a  structure 
P  Dissipative  power 
q  Heat  flux 
Q  Heat  generation 
S  Surface  area  of  a  structure 
T  Temperature 

V  Voltage 

w  Width  of  a  structure 

Y  Young’s  modulus 

Z  Mechanical  impedance 


Greek 

a  Wave  number 

7  Coeflficient  of  thermal  expansion 
o  Stress 

7j  Structural  loss  factor 
V  Poisson’s  ratio 
Q  Mass  density 
CO  Angular  frequency 


Subscripts 

m  Amplitude 
p  Piezoelectric  element 
X  jc-direction 
y  y-direction 
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ABSTRACT :  The  design  of  induced  strain  elements  (actuators)  is  a  comprehensive  issue,  involv¬ 
ing  not  only  the  materials  and  geometry  of  the  elements,  but  also  the  behaviors  of  the  coupled  host 
structures.  In  particular,  the  design  of  the  active  elements  is  essentially  related  to  the  prediction  of 
induced  strain  or  stress  in  the  elements.  A  high  stress  or  strain  level  in  the  actuators  is  useful  to  ex¬ 
cite  host  structures;  however,  degradation  or  fatigue  damage  of  the  actuators  may  take  place  at  the 
same  lime.  This  paper  presents  a  dynamic  analytical  approach  for  the  design  and  integration  of  ac¬ 
tive  piezoceramic  (PZT)  patch  elements  locally  coupled  with  host  structures.  Several  critical  design 
issues  are  addressed.  These  issues  include  the  determination  of  the  actuator  dynamic  outputs,  the 
prediction  of  energy  conversion  efficiency,  the  estimation  of  system  power  requirement,  and  the  limi¬ 
tation  of  induced  alternate  peak  stress.  A  coupled  electro-mechanical  analytical  model  was  devel¬ 
oped  to  reveal  the  inherent  connections  among  these  issues.  Both  the  mechanical  stress  behavior  and 
the  thermal  stress  characteristics  of  the  PZT  patch  elements  were  investigated.  A  system  power 
consumption-based  model  was  developed  to  estimate  the  temperature  and  thermal  stress  distribution 
of  the  elements.  The  attention  in  parametric  design  was  directed  to  the  thickness  and  location  of  the 
elements.  A  simply- supported  thin  plate  with  surface-bonded  PZT  patches  was  built  and  tested  to 
directly  measure  the  induced  dynamic  strain  of  the  PZT  element  so  that  the  prediction  accuracy  and 
ability  of  the  design  model  has  been  validated. 


INTRODUCTION 

Distributed  piezoceramic  (PZT)  elements  have  been 
widely  used  in  various  research  and  applications,  since 
PZT  elements  have  demonstrated  competitive  characteris¬ 
tics,  such  as  light  weight,  small  size,  and  good  dynamic  out¬ 
put  performance.  When  PZT  elements,  as  actuators,  are  in¬ 
tegrated  with  conventional  engineering  structures  and  used 
in  scientific  research  and  industrial  processes,  several  basic 
and  important  issues  are  raised. 

First,  the  actuation  ability  of  the  active  elements  must  be 
primarily  considered.  The  question  is  whether  host  struc¬ 
tures  can  be  sufficiently  excited  using  these  elements.  This 
issue  involves  the  quantitative  prediction  of  output  perfor¬ 
mance  of  PZT  actuators,  such  as  displacement  output, 
forces,  or  moments.  As  a  matter  of  fact,  the  issue  was 
noticed  in  the  early  development  and  implementation  of 
PZT  actuators.  Several  static-based  modeling  techniques 
were  developed  to  determine  static  forces  or  moments 
(Bailey  and  Hubbard,  1985;  Crawley  and  Louis,  1987; 
Crawley  and  Lazarus,  1991;  Dimitriadis  et  al.,  1989;  Wang 
and  Rogers,  1990).  The  static  approaches,  however,  are 
limited  to  analyzing  the  static  mechanical  behavior  of  the 
actuators.  An  approximate  dynamic  analysis  using  the  static 
models  is  not  accurate  because  active  forces  provided  by 
PZT  actuators  are  usually  alternate  forces.  The  dynamic  in- 
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teraction  between  the  host  structures  and  the  active  elements 
always  exists  and  affects  the  performance  of  both  the  struc¬ 
tures  and  the  actuators.  Recently,  an  impedance-based  ana¬ 
lytical  model  developed  by  the  authors  (Liang  et  al.,  1993a; 
Zhou  et  al.,  1993,  1994a)  provides  a  better  understanding  of 
the  dynamic  essence  of  PZT  element-driven  systems.  The 
frequency-dependent  force  output  behavior  is  accurately 
predicted  in  the  impedance  model. 

Second,  designers  of  engineering  and  space  structures 
are  concerned  with  how  efficiently  a  PZT  actuator,  as  a  tran- 
ducer,  transforms  electrical  energy  into  mechanical  energy. 
The  reason  is  that  minimizing  power  consumption  and  en¬ 
hancing  energy  conversion  efficiency  result  in  a  reduction  in 
the  cost  and  mass  of  systems,  two  of  the  major  objectives  of 
adaptive  structures  (Rogers,  1993).  Recently,  research 
regarding  actuator  energy  conversion  and  system  power  re¬ 
quirement  has  been  active.  Liang  et  al.  (1993a)  suggested  an 
actuator  power  factor,  defined  as  the  ratio  of  the  dissipative 
mechanical  power  in  the  system  to  the  total  electrical  power 
supplied  to  the  actuator.  This  concept  was  used  to  optimize 
the  location  of  the  actuator  (Liang  et  al.,  1993b).  Stein  et  al. 
(1993)  investigated  the  power  consumption  of  a  PZT  actua¬ 
tor  integrated  on  an  underwater  structure  that  radiates 
sound,  and  considered  the  power  requirements  in  the  active 
acoustic  control.  Lomeno  et  al.  (1994)  developed  a  tech¬ 
nique  to  maximize  mechanical  power  transfer  from  the 
stacked  PZT  actuators  to  the  host  structures.  Zhou  et  al. 
(1994b)  performed  a  coupled  electro-mechanical  impedance 
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analysis  for  two-dimensional  PZT  actuator-driven  systems 
and  discussed  the  influence  of  different  dissipators  on  the 
system  power  factor  and  the  system  power  requirement.  The 
analysis  of  system  power  consumption  will  provide  a  power¬ 
ful  tool  to  design  energy-efficient  smart  structures. 

Third,  PZT  elements  are  most  often  placed  under  a  cer¬ 
tain  amount  of  alternate  stress.  The  question  is  how  to  quan¬ 
titatively  predict  the  alternate  stress  so  that  a  safety  design 
can  be  effectively  conducted.  However,  investigations  done 
to  date  on  this  issue  have  fairly  been  limited.  Intensive  strain 
or  stress  is  expected  for  the  actuation,  but  brittle  piezo¬ 
ceramic  materials  may  be  degraded  in  such  a  stress  level .  In 
addition,  the  stress  signs  are  of  concern  in  the  design 
because  the  tensile  strength  of  piezoceramic  materials  is 
much  lower  than  the  compressive  strength.  Another  impor¬ 
tant  issue,  which  has  been  ignored  in  the  design  of  PZT  ac¬ 
tuators,  is  the  estimation  of  the  thermal  stress  levels  and  the 
temperature  distribution  of  the  actuators. 

In  this  paper,  the  generic  principle  in  the  design  of  active 
PZT  elements  will  describe  using  a  coupled  electro¬ 
mechanical  analytical  approach.  The  discussion  will  focus 
on  the  issues  mentioned  above  and  their  inherent  connec¬ 
tions.  The  mechanical  stress  and  thermal  stress  characteris¬ 
tics  of  the  PZT  patch  elements  will  be  specifically  in¬ 
vestigated.  An  analytical  model  for  estimation  of  the 
temperature  distribution  and  the  induced  thermal  stress  will 
be  developed.  The  important  design  parameters,  such  as  the 
location  and  thickness  of  the  PZT  elements  will  be  ad¬ 
dressed.  A  piezoceramic  element-drive  thin  plate  will  be 
used  in  the  parametric  study.  An  experiment  will  be  con¬ 
ducted  on  a  simply-supported  aluminum  plate  to  prove  the 
accuracy  and  utility  of  the  theoretical  model.  A  comparison 
will  be  made  to  demonstrate  the  significant  difference  be¬ 
tween  conventional  static  approaches  and  the  developed 
dynamic  integration  method  in  physical  concept  and  numer¬ 
ical  results. 


INTEGRATION  AND  MODELING 

In  this  section,  an  impedance-based  analytical  approach 
will  be  presented  to  integrate  PZT  elements  in  host  struc¬ 
tures.  Theoretical  formulations  will  be  derived  for  generic 
two-dimensional  PZT  elements.  The  design-related  perfor¬ 
mance  prediction,  such  as  the  actuator  dynamic  output,  the 
system  energy  conversion  efficiency,  and  the  actuator  stress 
behaviors  will  be  quantitatively  obtained. 

Mathematical  Model 

Figure  1  illustrates  a  generic  model  of  a  two-dimensional 
PZT  element  integrated  with  a  structure.  Xp  and  represent 
a  coordinate  system  of  the  PZT  element,  corresponding  to 
the  1  and  2  directions  of  the  PZT  material.  The  dynamic 
performance  of  the  host  structure  is  represented  by  the 
direct  impedance  and  as  well  as  the  cross  impedance 
and  Zy^ ,  respectively. 

Using  the  dynamic  force  equilibrium  between  the  PZT  el¬ 
ement  and  the  host  structure,  the  force  output  of  the  PZT  el¬ 
ement  may  be  expressed  by 


7  Z 

it 

Z  Z 

^yx  ^yy 

V 

The  minus  sign  in  the  equation  indicates  that  F,  and  Fy  are 
equal  and  opposite  to  the  structural  reaction,  it  and  v  are 
the  in-plane  velocity  responses  of  the  PZT  element  and  are 
related  to  the  input  impedance  of  the  element  itself,  Zp„  and 
Zpyy  defined  as: 


u  ~  CJ  tan  (kpuap) 


(2a) 


^pyy 


-J- 


o)  tan  (kpiibp) 


(2b) 


2  ^  2  yy  —  direct  impedance  of  a  2-D  host  structure 

Z  xy  •  Z  yx  —  cross  impedance  of  a  2-0  host  structure 

Figure  1.  A  coupled  electro-mechanical  model  of  integrating  a  two-dimensional  piezoceramic  ele¬ 
ment  with  a  host  structure. 
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where  the  subscript  p  refers  to  the  parameters  of  the  PZT 
element,  bp,  and  hp  are  the  length,  the  width,  and  the 
thickness,  respectively,  kpuai)  is  the  wave  number,  o)  is  the 
input  angular  frequency,  and  j  symbolizes  the  complex 
number  The  complex  Young’s  modulus  at  a  constant  electri¬ 
cal  field,  Yf  is  expressed  by: 

yf-  Tp(l  -I-  jrip)  (3) 

where  rjp  is  the  structural  loss  factor. 

To  quantitatively  evaluate  the  force  output,  the  displace¬ 
ment  (or  velocity)  response  of  the  PZT  element  should  be 
solved  from  its  constitutive  equation  and  the  geometric 
boundary  condition.  It  is  noted  that  when  an  AC  voltage  is 
applied  cross  a  PZT  element  along  the  polarization  direc¬ 
tion  (3),  an  in-plane  thermal  expansion  (or  contraction) 
is  induced  in  both  l(Xp)  aiid  2{yp)  axes  of  the  patch.  The 
displacement  response  of  the  PZT  actuator  may  be  de¬ 
scribed  by: 


u  =  [A  sin  (kpr.Xp)  +  B  cos  {kpnXp)]e^^*  (4a) 

V  =  [Csin  {kp22yp)  +  Dcos  {kp22yp)]e^"'  (4b) 

where  the  wave  numbers  kpn  and  kp22  are  identical  for  iso¬ 
tropic  piezoceramic  materials: 


kl  —  kill  kill  —  yE 


(5) 


Q  in  the  equation  denotes  the  mass  density.  To  solve  for  A, 
B,  C,  and  D  in  Equation  (4),  the  displacement  boundary 
condition,  =  0  and  =  0  is  applied  to  Equation 
(4),  resulting  in  5  =  D  =  0.  >4  and  C  may  be  evaluated 
from  the  constitutive  equation  of  the  PZT  patch  at  Xp  =  Cp 
and  =  bp  i 


bu 

1 

Vp 

!^i 

_ 

bxp 

[^3. 

dv 

Vp 

1 

Ki 

[^^32 

Yfb^h, 

Yfax\ 

(6) 


where  E  =  vihp  is  the  electrical  field  and  V  = 
is  the  applied  voltage.  Substituting  Equations  (1)  and  (4) 
into  Equation  (6)  is  p>erforming  some  algebraic  operations 
yields: 


K 


kp cos  {kpOp) 


kp  cos  {kfXip) 


Zpxx 


K 


cos (kp bp) 


/Op  Zyj, 
\bp  Zpyy 


kp  COS  (kpbp) 


(tp  Zyj 

^'bpZZ 


in  which  and  d32  are  the  piezoelectric  constants.  Vp  is  the 
Poisson’s  ratio  of  the  PZT  material.  Once  the  coefficients, 
A  and  C,  are  determined,  the  dynamic  force  output  and  the 
induced  strain  of  the  PZT  actuator  can  be  predicted  using 
Equation  (1)  and  Equation  (6),  respectively. 

To  estimate  the  energy  conversion  and  power  requirement 
of  the  system,  the  mechanical  impedance  model  can  be  ex¬ 
panded  to  include  the  electrical  parameters  of  the  PZT  actu¬ 
ator,  The  constitutive  equation  of  the  PZT  actuator  is  again 
revoked  for  the  electric  displacement  field,  D3 ,  in  the  axis 
direction: 


D3  =  efsE  -h  d3iO^  +  d320y  (8) 

where  efa  =  €33(1  -  j^p)  is  the  complex  dielectric  con¬ 
stant  at  zero  stress  and  bp  is  the  dielectric  loss  factor  of  the 
PZT  actuator,  a,  and  Oy  in  Equation  (8)  are  the  induced 
stresses,  which  can  be  derived  from  Equation  (6).  The  cur¬ 
rent  passing  through  the  PZT  actuator  is  thus  given  by: 

b3dxpdyp  (9) 

0  Jo 

It  is  noted  that  /  is  a  function  of  the  applied  voltage,  V.  The 
complex  electro-mechanical  impedance  of  the  system,  /I* 
is  then  determined  from  its  definition  (Elgerd,  1981): 
A*  =  II V.  Once  /I*  is  determined,  the  system  power  con¬ 
sumption  and  energy  requirement  can  be  quantitatively  pre¬ 
dicted. 

Actuator  Output  Dynamics 

Substituting  Equations  (4)  and  (7)  into  Equation  (1),  the 
dynamic  force  output  of  the  PZT  actuator  can  be  deter¬ 
mined  by: 


'^*1 

v„ 

2= 

2;, 

sin  (kpOp)  0 

1 

X 

. 

0  sin  (kpbp)\ 

^31 

^32 


(10) 


To  transform  the  in-plane  force  actuation  of  the  PZT  actua¬ 
tor  to  a  pair  of  pure  bending  moments  on  a  structure,  two 
PZT  patches  are  symmetrically  bonded  on  the  top  and  bot¬ 
tom  surfaces  of  the  structure  and  then  the  patches  are  actu¬ 
ated  out-of-phase.  The  amplitude  of  the  line  mon^nts  per 
unit  length  created  by  a  pair  of  PZT  actuators,  (in 


(7) 
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N-m/m),  can  be  directly  obtained  using  the  basic  relation, 
^x,(y)  =  (h  +  K)F._^,y 


M. 


=  (h  + 


FMA 


=  -70)- 


(1  -h  hfh,)V^ 

^pt>p 


dp'Zjxx 

^pZxy 

bpZ,. 

bpZ„\ 

iK^p)  0 

0  sin(kpbp) 


(11) 


The  distributed  line  moments  are  thus  expressed  by: 

=  M^[b(x  -  Xi)  —  d(x  —  JCa)] 


[h(y  -  yO  -  h(y  -  (I2a) 

My  =  Mylbiy  ~  y,)  -  6(y  -  y^)] 

[h{x  ^  X,)  -  h{x  -  (12b) 


where  6(j:)  and  6(y)  are  the  Direc  delta  functions.  h{x)  and 
h{y)  are  the  Heaviside  functions,  jc,  ,  Xj ,  y, ,  and  y^  are  the 
location  coordinates  of  the  edge  of  PZT  patches  on  the  host 
structure. 


Induced  Mechanical  Stress 

The  dynamic  stress,  Ox^^y),  can  be  determined  from 
Equation  (6),  using  the  relation  of  the  stress  and  the  force, 
Ox  =  Fx!{bphp)  and  Oy  =  Fyl{aphp): 


(13) 


where  72*2  is  an  identical  matrix. 


System  Power  Requirement  and  Energy  Conversion 

The  power  consumption  and  energy  conversion  efficiency 
are  essentially  dominated  by  the  coupled  electro-mechanical 
admittance.  Substituting  Equation  (13)  into  Equation  (8)  and 
using  the  definition  of  the  complex  admittance  yields: 


Opb, 


efa  - 


2dl,Y^p  .  dhYf 


1  -  v„ 


+ 


1  - 


sin  {kpCp)  sin  (^p^p))_.fl) 


N-' 


(14) 


The  power  supplied  to  the  PZT  actuator  is  actually  decom¬ 
posed  into  two  components:  one  is  the  dissipative  power, 

.  L  VI 

P  =  —  cos  0  =  -fRe{A*)  (15) 

and  the  other  is  the  reactive  power, 

IV  V^ 

R  =  sin  0  =  -~Im{A^)  (16) 


where  0  is  the  phase  between  the  current  and  voltage,  and 
Im  is  the  magnitude  of  the  current  in  the  circuit.  The  total 
electrical  power,  i.e.,  apparent  power,  is  expressed  by: 


W  -  VP"  +  R^  (17) 

The  power  requirement  of  the  system  can  be  estimated  from 
the  maximum  value  of  the  apparent  power.  The  power  factor 
of  the  system,  PP,  representing  the  energy  conversion  effi¬ 
ciency  of  the  system  is  defined  as: 


PF  =  cos  0 


P  Re{A*) 
\A*\ 


(18) 


In  the  derivation  above,  it  is  assumed  that  the  system  is 
linear  and  the  host  structure  is  a  generic  two-dimensional 
structure.  The  developed  formulations  thus  represent  ge¬ 
neric  solutions.  Once  the  actuator  input  impedance,  the 
structural  impedance,  and  the  coupled  electro-mechanical 
impedance  of  the  system  are  numerically  computed  or  ex¬ 
perimentally  obtained,  the  formulations  can  be  directly  used 
to  design  active  PZT  elements  integrated  with  host  struc¬ 
tures.  For  some  typical  two-dimensional  structures,  such  as 
simply-supported  plates  and  simply-supported  cylinders,  the 
analytical  solutions  of  the  mechanical  impedance  of  the 
system  have  been  derived  by  the  authors  (Zhou  et  al,,  1993; 
1994a).  For  complex  structures,  a  finite  element  analysis  of 
experimental  approaches  are  helpful  to  determine  the 
mechanical  impedance  of  the  system. 


MECHANICAL  STRESS  CHARACTERISTICS 
OF  PZT  ELEMENTS 


The  mechanical  stress  induced  in  the  PZT  element  is  a 
function  of  frequency  and  the  mechanical  impedance  of  the 
system,  and  it  varies  along  the  location  coordinate and  . 
However,  how  significantly  the  location  coordinate  (x^,  yp) 
exerts  an  influence  on  the  stress  distribution,  as  expressed  in 
Equation  (13),  depends  on  the  variation  of  the  wavelength  Xp 
of  the  PZT  element,  defined  as: 


X 
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Table  7.  The  stress  strength  of  G11 95  material 
(Piezo  Systems,  Inc.) 

Compressive  Strength 

Tensile  Strength  (N/m^) 

(N/m=) 

Static  Dynamic 

5.2  X  10® 

7.6  X  10^  2.1  X  10' 

where  /  is  the  input  frequency.  Usually,  commercial 
segmented  PZT  actuators  have  a  small  size,  for  example, 
38.1  X  63.5  mm  (1.5"  x  2.5").  Assuming  the  excitation 
frequency,  2,000  Hz  gives  the  ratio  of  the  wavelength  to  the 
maximum  length  of  the  PZT  patch: 

^  ^  =  46  >  1  (20) 

In  this  case,  the  wavelength  is  much  longer  than  the  maxi¬ 
mum  size  of  the  PZT  element.  The  coordinate  {Xp ,  Vp)  does 
not  significantly  influence  the  dynamic  stress  distribution  on 
the  PZT  element.  The  PZT  actuator,  thus,  can  be  treated  as 
a  “point”  stress  source.  At  very  high  frequency,  or  in  the 
case  of  a  relatively  large  size  of  PZT  patch  elements,  the 
ratio  coefficient,  j3,  approaches  1.  The  dynamic  strain  or 
stress  may  significantly  change  along  the  coordinate  loca¬ 
tion  (Xp,  yp).  The  PZT  patch  then  becomes  a  “line”  or  a 
“plane”  stress  source. 

For  the  purpose  of  designing  PZT  actuators,  the  dynamic 
stress  should  be  required  to  satisfy  the  basic  stress  criteria; 


ments  and  structures.  The  dissipators  in  the  system  include 
structural  damping  loss  and  dielectric  loss,  which  create  a 
distributed  heat  generation  throughout  the  PZT  element  and 
the  host  structure.  The  temperature  increase  in  the  system 
results  in  thermal  stress  in  the  PZT  elements. 

We  consider  a  case  in  which  both  a  PZT  element  and  a 
host  structure  are  plane  structures.  The  top  surface  tempera¬ 
ture  of  the  PZT  actuator  is  specified  at  room  temperature, 
T  -  20°C.  The  heal  generation  rate  per  unit  volume,  Q,  is 
assumed  to  be  uniform  throughout  the  body.  The  steady 
state  temperature  needs  to  be  found  in  order  to  estimate  the 
thermal  stress  induced  in  the  PZT  actuator. 

For  simplification,  a  one-dimensional  heat  conduction 
model  (Chapman,  1974)  is  applied  in  this  case.  Figure  2(a) 
illustrates  the  schematic  geometry  of  the  integrated  PZT/ 
plate  structure.  Two  PZT  patches  are  bonded  on  the  top  and 
bottom  surfaces  of  the  plate.  Considering  the  symmetrical 
geometry  and  boundary  temperature,  the  problem  may  be 
simplified  to  the  equivalent  situation  shown  in  Figure  2(b). 
The  mid-plane  of  the  plate  is  isolated  at  z  =  0,  that  is, 
dTIdz  =  0.  The  governing  differential  equation  of  the  tem¬ 
perature  distribution  throughout  the  PZT  element  is 
depicted  by: 


d^T 

dz^ 


+  ^  =  0 

do 


(23) 


with  the  boundary  condition,  T  =  h  at  z  Zi  and 
Ti  =  20°C  at  z  =  Zi-  The  subscript  p  in  Equation  (23) 


max  <  a,  (21) 

where  a,  is  the  stress  strength  of  the  piezoelectric  material 
and  max  is  the  maximum  stress  allowed  in  the  design. 
It  should  be  noticed  that  the  dynamic  tensile  strength  of  the 
piezoelectric  materials  is  much  lower  than  the  compressive 
stress.  For  example,  for  G1195  piezoceramic  material,  the 
tensile  strength  is  only  about  one-twentieth  of  the  com¬ 
pressive  strength,  as  listed  in  Table  1.  The  peak  tensile 
stress,  Ops  should  be  limited  to  a  value  less  than  the  dynamic 
tensile  strength.  Otherwise,  there  is  a  danger  of  degrading 
the  performance  and  even  a  crack  may  take  place.  The 
safety  factor,  5F,  should  be  considered  by: 

max  ^  ^  (22) 

THERMAL  STRESS  ANALYSIS  OF  PZT  ELEMENTS 

When  other  stress  factors  degrading  the  performance  of 
PZT  elements  are  considered  in  the  design  procedure,  the 
thermal  stress  should  be  included.  The  electrical  energy, 
supplied  by  PZT  actuators  in  driving  host  structures,  is 
eventually  transformed  into  internal  heat  in  the  PZT  ele- 


Figure  2.  A  heat  conduction  model  for  thermal  stress  analysis  of  a 
PZT  element-driven  plate-like  structure. 
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again  denotes  the  parameters  of  the  PZT  element,  a  sym¬ 
bolizes  the  thermal  conductivity.  Q  represents  the  rate  at 
which  heat  is  being  internally  generated  in  the  PZT  patch 
per  unit  volume  (watt/m^).  Solving  for  T  from  Equation 
(23),  the  temperature  distribution  in  the  PZT  element  is  de¬ 
termined  by: 


T  =  T,  +  (7. 


Tr) 


z  -  Zi 
(Zi  ~  Zi) 


Qpizi  -  Zi)^ 

2a, 


(24) 


The  highest  temperature  in  the  patch  element  can  be  found 
by: 


—  7i  4- 


2  Cp  7,  ~  7. 


2  Qp  (Z2  -  Zi  ? 

Qp{z2  -  ZiY 


^i.T2  -Ti)  + 

2  a,  4 


(25) 


at 


1  /  X  Qip  72  —  7i 

^  (^1  +  Z2)  +  7^ 

2  QpZi  -  Zx 


(26) 


where  Q,  can  be  estimated  from  the  dissipative  power  con¬ 
sumption  of  the  PZT  element:  Q,  =  P,f{a,b,h,).  P,  here 
is  calculated  from  Equation  (15),  by  setting  zero  structural 
damping  of  the  plate.  The  only  unknown  in  Equations  (24) 
and  (25)  is  7, ,  which  can  be  determined  using  the  additional 
boundary  condition  at  the  interface  of  the  PZT  patch  and  the 
plate:  H,  =  H  at  z  =  Zi .  H  is  the  ratio  of  the  rate  of  heat 
flow,  q,  to  the  surface  area  of  the  structure,  5,  i.e.,  H  =  qls, 
and  q  is  expressed  by: 


q  =  -as—  (27) 

The  temperature  distribution  of  the  plate,  7,  is  solved  from 
the  same  form  of  governing  equation  as  Equation  (23)  with 
the  different  boundary  condition,  (z?7/^z)  =  Oatz  =  Oand 
7  =  7,  at  z  =  Zi .  ^  is  equivalent  from  Equation  (27)  and  H 
is  obtained  by: 

(" '  '“^L  “ 

Equation  (28)  can  be  reduced  to: 


(29) 


Substituting  Equation  (24)  into  Equation  (27)  gives  H,  of  the 
PZT  element: 

=  {Ti  -  T2)-^  -  (30a) 

(//,).=.,  =  (7-.  -  T2)-^  +  7  ^~^ep(30b) 

C2  Cl  Z 

Letting  Equation  (29)  equate  Equation  (30a)  yields: 

T,  =  T,  +  ^^-^[QZi  +  Qp{z2  -  z.))  (31) 

a. 

The  maximum  temperature  difference  in  the  PZT  patch  is 
then  obtained  from  Equation  (25),  resulting  in  the  thermal 
stress,  Ot, 


Or  =  -  7.)  (32) 

where  7  is  the  coefficient  of  thermal  expansion  of  piezo¬ 
ceramic  materials.  For  G1195  material,  7  =  6  x  10"^ 
(m/m°C).  The  thermal  stress  increases  with  the  thickness  of 
the  PZT  actuator  and  with  the  rate  of  the  internal  heat  gen¬ 
eration,  Qp,  respectively.  For  a  very  thin  PZT  patch,  such 
as  hp  =  0.19  mm,  the  thermal  stress  may  be  ignored  in  the 
overall  stress  analysis.  In  case  of  stacked  actuators  or  high 
voltage  actuation,  however,  the  thermal  stress  may  be  sig¬ 
nificant.  In  this  case,  a  principal  stress,  a, ,  or  equivalent 
Von  Mises  stress,  a,,  should  be  used  in  the  safety  design  of 
the  actuator: 


^1,(0 

max  (33) 


PARAMETRIC  DESIGN  AND  DISCUSSION 

When  a  piezoceramic  element,  as  an  actuator,  is  con¬ 
sidered  in  a  design  process,  its  geometric  configuration  inte¬ 
grated  with  a  host  structure  should  be  first  determined.  The 
sandwich -type  of  PZT/substrate  structures  are  widely  used 
in  intelligent  material  systems.  This  type  of  the  configura¬ 
tion  is  also  used  in  our  case  study.  Once  the  geometry  of  an 
integrated  PZT/substrate  stnicture  is  selected,  the  formula¬ 
tions  derived  earlier  can  be  directly  utilized  to  qualitatively 
predict  the  performance  of  the  PZT  actuator. 

In  current  case  study,  a  simply-supported  aluminum  thin 
plate  is  used.  The  size  of  the  plate  is  381  x  228.6  x  1.5 
mm  (15"  X  12"  X  0.06").  Two  PZT  patches  are  bonded 
on  the  top  and  the  bottom  surface  of  the  plate  and  located  on 
the  center  of  the  plate.  The  size  of  the  PZT  patch  (G1195)  is 
63.5  X  38.1  X  0.19  mm  (2.5"  x  1.5"  x  0.0075").  Figure 
3  shows  the  geometric  configuration  of  the  integrated 
PZT/plate  system.  Table  2  lists  the  basic  material  properties 


-  Qz 
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# 


# 


front  view  (unit:  mm) 


Figure  3.  Geometry  of  a  simply-supported  (ss)  aluminum  plate  with 
surface-bonded  PZT  patch  elements. 


of  the  PZT  and  the  plate.  When  the  PZT  patch  is  actuated 
out-of-phase,  a  pair  of  bending  moments,  and  My,  is 
generated  along  the  edge  of  the  patch.  The  analytical  solu¬ 
tions  of  direct  impedance,  and  Zyy,  and  the  cross  im¬ 
pedance,  Z^y  and  Zyj,,  along  the  edge  of  the  PZT  patch  were 
derived  by  the  authors.  The  formulations  can  be  found  in  a 
separate  reference  (Zhou  et  aL,  1994a).  The  numerical 
results  are  directly  given  in  this  parametric  study. 

Figure  4  demonstrates  the  moment  outputs  of  the  PZT  ac¬ 
tuator,  calculated  from  Equation  (11).  The  amplitude  of  the 
dynamic  moments  varies  significantly  near  the  resonant  fre¬ 
quencies  of  the  system  because  of  the  dynamic  interaction 
between  the  actuator  and  the  plate.  It  is  clearly  demon¬ 
strated  that  the  amplitude  of  the  moment  is  a  function  of  fre¬ 
quency  and  Af,  ^  My.  A  static  model  developed  by  Dimi- 
triadis  et  al.  (1989)  is  used  here  in  comparison  with  the 
dynamic  model.  At  low  frequencies,  which  can  be  regarded 
as  a  static  zone,  the  static  moment  has  a  good  approximation 
of  the  dynamic  moments  Af,  and  My,  as  shown  in  Figure  4. 

The  dynamic  stress  induced  in  PZT  patch  actuators  is  a 
complex  stress,  predicted  using  Equation  (13).  The  real  part 
can  reflect  both  stress  signs  and  stress  levels.  A  positive 
stress  sign  represents  a  tensile  stress  while  a  negative  sign 
indicates  a  compressive  stress.  It  is  assumed  that  the  stress 
is  measured  at  the  location:  JCp  =  3  mm  and  yp  =  19  mm. 


_  Jyr.amic  rnomcr.!  NU 

—  iiynimic  moxiri:  My 


1 


z  r  - 

I-  -j 

10:i - - - - ^ ^ 

0  100  200  400  500  600  700 

Frequency  fHz) 

Figure  4.  The  dynamic  moment  outputs  of  the  PZT  patch  actuator, 
predicted  by  the  static  model  and  the  dynamic  model,  respectively. 


Figure  5  shows  that  the  tensile  stress  is  up  to  2  x  10^ 
(N/MVvolt)  at  some  resonant  frequencies,  while  at  anti¬ 
resonance  and  off-resonance,  the  induced  stress  is  a  com¬ 
pressive  stress.  The  potential  degradation  or  damage  of  the 
PZT  actuator  is  most  likely  caused  by  the  tensile  stress 
because  of  the  low  tensile  strength  of  the  PZT  material,  as 
listed  in  Table  1.  It  is  assumed  that  the  plate  is  excited  at  the 
2nd  mode  and  a  driving  voltage  of  100  volt  is  applied  across 
each  PZT  patch,  the  mechanical  stress  level  will  exceed  the 
tensile  strength  of  the  PZT  material.  A  crack  or  degrading 
performance  of  the  PZT  actuator  may  take  place. 

The  thermal  stress  is  estimated  using  Equation  (32).  The 
rate  of  heat  generation  is  calculated  from  Equation  (15): 
qp  =  Pp.  Il  ls  assumed  that  the  plate  is  actuated  by  the  PZT 
actuator  at  the  frequency  of  400  Hz  and  the  active  voltage  of 
50  volt  for  each  PZT  actuator  is  applied.  The  heat  conduc¬ 
tivity  of  the  PZT  material  is  assumed  to  be  23  watt/m* °C. 
The  temperature  increase  in  the  PZT  actuator  is  less  than 
1®C  because  of  the  very  thin  thickness  of  the  PZT  patch, 
=  0.19  mm.  In  this  situation,  the  induced  thermal  stress 
can  be  ignored  in  the  safety  design  of  the  actuator.  If  stacked 
PZT  patch  actuators  are  considered  in  the  design  procedure, 
the  thermal  stress  may  become  an  important  factor  to  in¬ 
fluence  the  overall  stress  levels. 

One  way  to  reduce  the  induced  stress  level  in  the  active 
element  is  to  limit  the  active  voltage.  Declination  of  the 
actuation  force  then  results.  The  other  way  is  to  increase 


Table  2.  Material  properties  of  the  PZT  e/emenf  and  the  aluminum  plate  * 


Young's  Modulus 

Mass  Density 

Dielectric  Constant 

(N/m*) 

(kg/m®) 

Poisson's  Ratio 

(m/volt) 

Loss  Factor 

P2T 

6.3  X  10’® 

7650 

0.3 

1.66  X  10-’® 

0.005 

Aluminum 

6.9  X  10'® 

2700 

0.33 

N/A 

0.005 

*  Piezo  Systems,  Inc. 
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Figure  5.  The  induced  mechanical  stress  characteristics  of  the  PZT 
element,  predicted  by  the  static  model  and  dynamic  model,  respec¬ 
tively. 


Figure  7.  The  influence  of  the  thickness  of  the  PZT  element  on  the 
dynamic  stress. 


the  cross-sectional  area  of  a  PZT  element  as  the  voltage  in¬ 
creases.  Figure  6  displays  that  when  the  thickness  of  the 
PZT  patch  doubles  from  0.19  mm  to  2  x  0.19  mm,  the 
overall  moment  output  increases  in  the  whole  frequency 
range  (0-750  Hz),  While  Figure  7  shows  that  the  stress 
peak,  however,  is  almost  kept  unchanged  at  the  resonant  fre¬ 
quencies.  At  off-resonance,  the  stress  increment  is  not  a  big 
concern  because  of  the  relatively  low  compressive.  Increas¬ 
ing  the  thickness  of  PZT  patch  elements  is  thus  recom¬ 
mended  to  amplify  the  actuation  and  to  relieve  the  peak 
stress  level  in  the  PZT  elements. 

In  addition  to  the  thickness,  another  important  design 
parameter  is  the  location  of  the  PZT  actuator.  When  the 
PZT  actuator  is  placed  in  different  locations  on  a  host  struc¬ 
ture,  as  shown  in  Figure  8,  the  mechanical  impedance  at  the 
edge  of  the  actuator  changes,  and  so  does  the  dynamic  out¬ 


Figure  6.  The  influence  of  the  thickness  of  the  PZT  element  on  the 
moment  output  (My). 


put  performance  of  the  actuator.  Figure  9  clearly  shows  that 
the  moment  actuation  is  strongly  related  to  the  location  of 
the  PZT  patch.  When  the  center  of  the  PZT  patch  is  placed 
on  the  nodal  lines  of  the  host  structure,  the  maximum  mo¬ 
ment  output  corresponding  this  mode  cannot  be  achieved. 
For  instance,  when  the  center  of  the  PZT  patch  is  on  loca¬ 
tion  ^1,  which  is  the  center  of  the  plate,  the  moment  actua¬ 
tion  on  the  2nd  mode  (2,1)  is  limited,  as  illustrated  in  Figure 
9.  This  mode  may  be  missed  in  the  frequency  response  func¬ 
tion.  To  actuate  modes  at  a  broad  frequency  band,  the  PZT 
element  should  be  intentionally  placed  to  be  off  the  nodal 
lines  of  any  interesting  modes;  otherwise,  some  of  them 
may  be  lost  in  the  response.  The  influence  is  similar  for  the 
dynamic  stress,  as  shown  in  Figure  10. 


position  U 1 


position  #2 


Figure  8.  The  geometric  location  of  the  PZT  element  on  the  plate 
(unit:mm). 
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Figure  9.  The  influence  of  the  location  of  the  PIT  element  on  the 
moment  outppt  (U^). 


The  system  power  factor  calculated  from  Equation  (18)  is 
displaced  in  Figure  1 1 .  A  small  power  factor  implies  that 
little  electrical  energy  is  converted  into  mechanical  energy 
in  actuating  host  structures.  A  large  power  factor  at  a  certain 
resonant  frequency  indicates  that  the  actuator  has  a  higher 
authority  to  excite  this  mode  of  the  structure  than  the  same 
actuator  to  vibrate  other  modes.  This  implies  that  the  energy 
conversion  efficiency  of  the  system  is  related  to  specific 
modes. 


EXPERIMENTAL  VERIHCATION 

A  simply-supported  thin  plate  was  built  and  tested  to 
verify  the  design  model.  The  experimental  set-up  to  excite 
the  plate  is  illustrated  in  Figure  12.  The  thin  plate  in  the  ex¬ 
periment  is  made  of  aluminum  and  the  PZT  material  is 
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Figure  10.  The  effect  of  the  location  of  the  PZT  element  on  the 
dynamic  stress. 


Figure  11.  The  effect  of  the  location  of  the  PZT  element  on  the 
system  power  factor. 


G1195.  The  basic  material  properties  are  listed  in  Table  2. 
The  geometric  size  of  the  PZT  patch  is  50.8  X  50.8  x  0.19 
mm  (2  "  X  2  "  X  0.0075"),  and  the  size  of  the  plate  is  305  x 
203  X  1.5  mm  (12"  x  8"  x  0.06"). 

A  pseudo-random  signal  was  used  in  a  burst  mode  to  ac¬ 
tive  the  plate.  The  dynamic  strain  of  the  PZT  actuator  was 
directly  measured  using  the  strain  gages.  Two  strain  gages 
were  placed  on  each  surfece  of  the  PZT  patches  at  right 
angles  to  measure  the  induced  strain  in  the  x  and  y  direc¬ 
tions,  respectively,  as  shown  in  Figure  12.  A  half-bridge 
configuration  was  used  to  improve  the  ratio  of  the  signal  to 
the  noise  in  the  measurement.  The  coherence  of  the  active 
voltage  signal  and  the  response  voltage  signal  obtained  from 
the  strain  gage  was  used  to  examine  the  accuracy  of  all  of  the 
excited  modes. 


iimpiy. supported  aluminum  plate  (unitrmm)  side  view 


Figure  12.  The  experimental  set-up  for  measuring  the  dynamic 
strain  of  the  PZT  patch  element. 
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Figure  13.  The  predicted  and  measured  dynamic  strain  of  the  PIT 
patch  element  in  the  y  direction. 


Figures  13  and  14  illustrate  the  measured  and  predicted 
strain  in  the  jc  direction  and  y  direction,  respectively.  The 
theoretical  prediction  based  upon  the  impedance  analysis 
(dashed  line)  agrees  well  with  the  experimental  data  (solid 
line).  Compared  with  the  static  model,  the  developed 
dynamic  model  provides  an  accurate  prediction  of  dynamic 
output  behaviors  of  the  active  PZT  elements. 

CONCLUSION 

•  A  dynamic  design  model  has  been  developed  for  the  inte¬ 
gration  and  the  performance  prediction  of  the  two- 
dimensional  PZT  elements.  The  model  can  be  used  to 
quantitatively  predict  the  dynamic  outputs,  the  induced 
strain  (or  stress)  and  its  signs,  the  system  power  require¬ 
ment,  and  the  system  energy  conversion  efficiency. 

•  A  system  dissipative  power  consumption-based  heat  con- 
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Figure  14.  The  predicted  and  measured  dynamic  strain  of  the  PZT 
patch  element  in  the  x  direction. 


duction  model  has  been  suggested  for  the  thermal  stress 
estimation  of  the  PZT  elements.  The  thermal  stress  may 
become  a  significant  factor  influencing  the  strength 
design  of  the  PZT  actuator  when  a  high  voltage  actuation 
or  stacked  PZT  actuators  is  considered  in  the  design  pro¬ 
cedure. 

•  The  parametric  study  shows  that  increasing  the  thickness 
of  the  PZT  actuator  not  only  intensifies  the  actuation, 
but  also  relieves  the  induced  stress.  The  actuation  of  the 
vibrational  modes  of  the  integrated  system  is  strongly 
related  to  the  location  of  the  PZT  element  on  the  host 
structure. 

•  The  excitation  experiment  of  the  integrated  PZT/plate 
system  has  verified  the  ability  and  utility  of  the  theoreti¬ 
cal  model  to  integrate  and  design  PZT  elements  in  intelli¬ 
gent  structures. 

NOMENCLATURE 

a  length  of  a  structure 
b  width  of  a  structure 
d  piezoelectric  constant 
E  electric  field 

F  force  output 

h  thickness  of  a  structure 

H  the  ratio  of  the  rate  of  heat  flow  to  the  surface  area 
of  a  structure 
j  complex  number 
k  wave  number 

M  moment  output 

q  the  rate  of  heat  flow 

Q  heat  generation  rate  per  unit  volume 

T  temperature 

u  displacement  in  jc  direction 

V  displacement  in  y  direction 

V  voltage 

w  displacement  in  z  direction 

V  Young’s  modulus 

Z  mechanical  impedance 

Greek 

a  thermal  conductivity 
€  strain 

o  stress 

t;  structural  loss  factor 
u  Poisson’s  ratio 

Q  mass  density 

03  angular  frequency 
X  wave  length 

Subscripts 
m  amplitude 

p  piezoceramic  actuator 
JC  jc-direction 

y  y-direction 
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1  1  direction  of  piezoceramic  materials 

2  2  direction  of  piezoceramic  materials 

3  3  direction  of  piezoceramic  materials 

Superscript 

E  complex  Young’s  modulus 
*  complex  electro-mechanical  admittance 
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Dynamic  Transduction  Characterization  of 
Magnetostrictive  Actuators 

A.  E.  ACKERMAN,  C  LIANG  AND  C  A.  ROGERS 


ABSTRACT 

The  development  of  an  analysis  approach  for  formulation  of  transduction  or 
input/output  representations  for  magnetostrictive  actuators  is  presented.  The  transduction 
model  is  developed  through  application  of  an  impedance  modeling  approach  which  includes 
the  mechanical  dynamics  and  the  electro-magneto-mechanical  interaction  of  the  actuator 
device.  Experimental  behavior  correlation  has  also  been  presented.  The  transduction  model 
allows  for  in-depth  investigation  of  the  frequency-dependent  behaviors  of  the 
magnetostrictive  actuator  such  as  energy  conversion  factor,  ouq)ut  stroke,  and  force. 

INTRODUCTION 

Magnetostriction  is  the  ability  of  a  material  to  strain  in  the  presence  of  a  magnetic 
field.  Until  recently  "giant"  magnetostrictions  were  available  only  at  cryogenic  temperatures 
for  certain  materials.  The  alloying  of  rare-earth  elements  with  iron  produced  a 
magnetostrictive  material  known  as  Terfenol-D  which  is  capable  of  strains  on  the  order  of 
1000  micron  at  room  temperature  and  higher  (Clark,  1992).  The  biased  linemzed 
constitutive  equations  for  Terfenol-D  (Butler,  1988)  which  define  the  mechanical  strain  and 
magnetic  flux  behaviors  are  known  as: 

S  =  s“T  +  dH  (1) 

B  =  dr  +  Ji'^H  (2) 

In  the  constitutive  equations  shown  above,  S  is  the  strain,  is  the  complex 
material  compliance  with  constant  magnetic  field,  T  is  the  stress,  d  is  the  biased  material 
constant  relating  applied  magnetic  field  to  induced  strain,  H  is  the  applied  magnetic  field,  B 

is  the  magnetic  flux  density,  and  is  the  complex  permeability  at  a  constant  stress. 

Magnetostrictive  materials  like  Terfenol-D  that  strain  in  the  presence  of  an  applied 
magnetic  field  show  great  promise  in  industry  applications  because  of  improved  stroke  and 
force  capabilities  in  comparison  to  piezoelectric  ceramics.  However,  obtaining  these 
behavior  characteristics  from  magnetostrictive  materials  is  more  complex  than  with  the 
piezoelectric  counterparts  and  requires  the  construction  of  an  actuator  device. 
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The  typical  actuator  consists  of  a  rod  of 

solenoid  that  applies  a  magnetic  field  either  with  permanent  magnets 

windings  as  shown  in  Fig.  1.  Magnehc  bi^mg  is  perfoi^^ 

or  a  dc  coU  current.  Also  included  mside  surrounded  by  a 

of  a  spring  or  other  mechanism  an  an  fixture  and  provides  magnetic  shielding, 

casing  which  serves  as  a  portion  of  ^e  P^esbess  ^  conductS  with  Terfenol-D 

Vibration  attenuation  and  base  Jlrrificial  neural  network)  controUers  as 

actuators  have  shown  the  need  for  adaptive  or  J  non-linearities.  Previous  modeling 
a  result  of  actuator  model  inadequacies  and  Geng,  and  Teter, 

efforts  consist  of  two  main  concentrations,  sta  ^  realizations  (Bryant  and  Wang, 

1993;  Hiller,  Bryant,  and  Umegald  1989)  between 

fe^ba^  sains 

representing  the  electro-magneto-mechanical  interacnon  of  the  devtce. 

actuator  layout  and  mechanical  model 

The  modeled  ”  ^roaStv^  Wes't^dopin^t.^^ 

those  expressions  in  order  to  correctly  simulate  Torfi^nnl  D  rod  impedance  Z^, 

ttre  developed  mechanical  impedance  diagram  mcludmg  Terfenol-D  P 

prestress  femreimped^ce  Z,.  output  shaft  impedance  Z.,  external  tmpedance  Z„  output 

force  F,,  and  velocity  ^4. 


1  Mechanical  Subsysteml  Casine  Terfenol-D 

^  1  1  .TopCap 


Coil 


Permanent  Magnets  [ji^ricri/Magnetkj 


Figure 


1:  Terfenol-D  Actuator  Configuration  Showing  Mechanical  and 
Electrical  Subsystems 


The  equation  of  motion  for  longitudinal  vibration  in  the  Terfenol-D  rod  shown  in 
Fig.  1  may  be  expressed  as;  ^  ^ 
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Figure  2:  Generic  in5)edance  representation  of  induced  strain 
actuator  device  with  pre-stress  fixtures 


Vibration  transverse  to  the  axis  of  the  rod  is  assumed  negligable.  The  solution  to  the 
equation  of  motion  is: 

Vj,  =  Vj.c'“  =  [Asin(jc^>)  +  Bcos(K:j.y)]c^  (4) 

where  k^.  is  the  Terfenol-D  wave  number  given  by  Kj.  =  o/ .  Applying  the  fixed 

boimdary  condition  at  the  left  end  of  the  Terfenol-D  rod  simplifies  the  displacement  solution 
to: 

Vr  (y)  =  [a  sinCx^y)]^^"  (5) 

fOJt 

For  an  arbitrary  applied  force  Fe^  at  y  =  /j.,  the  corresponding  rod  strain  is: 
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S(/r)  = 


dv-  (y) 


=  [AkTj.  cos{Kj.lj.)\e^ 


dy  lys/y 

The  stress  T  at  y  =  is  related  to  both  the  rod  strain  S  and  appUed  force  F  as: 

-H  (7) 

T(/,)  =  5(/,)y"=— 

where  A,  is  the  cross-sectional  area  of  the  Terfenol-D  rod  Plugging  Eq.  (7)  into  Eq.  (6)  and 
solving  for  the  A  constant  in  terms  of  the  appUed  force  yields. 

nir)  f81 

A  =  37 - 

Y  A^K^co%{K^lj)e 

of  the  rod  displacement  Eq.  (5)  is: 

(/y  )  =  i(o{A  sin(Kjlj 

Substimting  the  A  constant,  Eq.  (8),  into  Eq.  (9),  simplification  and  rearrangement 
yields  the  Terfenol-D  rod  short-circuit  mechanical  impedance  as. 

F(L)  r  (10) 


vM.)  jcoltuniK^l^) 


Aj” 


where  K^.  =  —  is  the  Terfenol-D  static  stiffness,  including  the  loss  factor, 

end 

n^dte  “^fi^Sfio^Ih"  ^  at  the  right  end  of  the  Tertenol-D  rod 

is  calculated  as: 


Filr)  -ZjUr) 

n/.)  =  — =  —  -  A  ^ 


7f 
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Figure  3:  Condensed  Actuator  Impedance  Model 


Plugging  the  Terfenol-D  stress,  Eq.  (1 1),  into  the  first  constitutive  equation,  Eq.  (1), 
produces  the  first  rod  strain  equation.  Taking  the  spatial  derivative  of  Eq.  (5)  produces  the 
second  rod  strain  equation.  Setting  these  equations  equal  allows  for  solution  of  the  A 
constant  as: 


dHZ^ 

Kj.  COSiKj.l^)[Z^  +Z„] 


(12) 


Plugging  the  A  constant  Eq.  (12)  into  the  solution  for  the  equation  of  motion  Eq.  (5) 
gives  the  Terfenol-D  tip  displacement  as: 


X 


1 


v{l^)  =  dHl^ 


2, 

(13) 


Using  one  of  the  strain  equations  multiplied  by  the  Terfenol-D  elastic  modulus 
and  cross-sectional  area  gives  the  output  force  as: 


F,  =  F(/^)  =  -Aj'^dH 


The  impedance  of  the  actuator  fixture  is  that  of  a  spring  k  and  mass  m  in  parallel  and 
is  shown  as: 


.^T  _l 


(14) 


_  jk 

Z^  =  jam-—  (15) 

a 


A  continuous  impedance  expression  (Snowdon,  1968;  Harris,  1988)  as  a  function  of 
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the  output  rod  characteristic  unpeoance 
the  actuator  output  rod  and  is  shown  as: 


impedance  and  actuator  external  impedance  is  used  for 


[z,+jZ^  tzn{K,l) 

+jZsm{Kgl) 


characteristic  impedance  are  shown  as. 


-  k  -.IyT  and  is  the  output  rod  wave  number  given  by  V,  -  m/c' .  Ar 
^  1 _ r  ,.^/4  PR  1C  thft  wave 


Z^  cos(k-^/ J  +  jZ^  sin(x:^/ J 


*  Zj,  cos(k:j/j)  + yZj  sin(»Cjj/g) 

ELECTRICAL  MODEL 

The  total  flux  <S  ot  the  Terfenol-D  rod  and  ooil  combination  is  ^  flux 

rl^tic  fl:tt“"ds““^ 
windings  is  negUgable.  The  total  flux  is  found  to  be: 

O  =  BAj. 

Plugging  the  second  constitutive  equation„Eq.  (2),  including  the  Terfenol  D  she 
into  Eq.  (19)  yields: 

(20) 

Jlcos\K’ju/j  )  J  J 

The  voltage  drop  across  the  actuator  leads,  found  from  the  integration  ot  OCy)  along 
the  rod  is: 

_ 

f  ,_.r  Z.  TtanCxj/,)  .  ^„r  (21) 

V„=yuy.A,H|dT[— )| 

The  relationship  between  the  appUed  magnedc  field  H  and  cmxent  I  (Buder,  1988)  is: 


I 


%( 
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H  =  nl  = 


NI 

K 


(22) 


where  N  is  the  total  number  of  turns  in  the  actuator  coil  and  n  is  the  number  of  turns  per  unit 
coil  length  ratio  given  as  n  =  Nfl^..  Substituting  Eq.  (22)  into  Eq.  (21)  and  rearrangement 
provides  the  electrical  impedence  of  the  coil  with  the  mechanical  interaction  included  as: 


7  -Ik 

/ 


L 


7-T  + 


tzn{K  Ij. ) 


(23) 


TRANSDUCTION  REPRESENTATIONS 

A  two-port  network  representation  of  a  transducer  relates  the  electrical  parameters  to 
the  mechanical  ones  (Kinsler  et  al.,  1982).  The  canonical  transduction  equations  are: 


(24) 


F=T  I+Z  u 

me  mo 


(25) 


In  the  above  relationships,  7’*„and  are  the  transduction  coefficients,  is  the 

blocked  electrical  impedance,  and  is  the  open  circuit  mechanical  impedance.  V  and  I 

are  the  voltage  and  current  respectively.  F  and  u  are  the  output  force  and  velocity 
respectively. 

Generally,  the  ability  of  a  transducer  to  provide  a  usable  electric  signal  in  response  to 
an  applied  mechanical  quantity,  and  vice  versa,  is  defined  as  electro-mechanical  coupling. 
The  coupling  coefficient,  designated  as  k,  may  be  derived  from  the  energy  ratio  of  a 
transducer  defined  as: 


.  ,  T  T 

f  2  _  em  me 


^EB^mo 


(26) 


The  device  energy  ratio  defined  above  is  for  a  transducer  device,  it  is  an  index 
representing  the  capability  of  the  transducers  to  convert  electrical  energy  to  mechanical 
energy  or  vice  versa.  It  differs  from  the  energy  ratio  defined  for  a  transducer  material.  In 
the  case  of  Terfenol-D  or  any  other  magnetostrictive  material,  the  coefficients  of  the 
constitutive  equation  and  material-based  coupling  coefficient  are  material  properties.  This 
coupling  coefficient  for  Terfenol-D  is  then: 


^H—T 

s  n 


(27) 
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TTe  device  energy  ratio  detoed  by 

iTte  range  -gnfflc^^y.  ^  comparison,  lead  znconaK 
'‘““\^“:rrrc^^«lno»n  .  ;he  mechanicai  dna,  form,  is 
shown  below: 


V  =  /z„  +  4>F 


u  =  1(f)  + 

Z  . 


(28) 

(29) 


For  this  form  of  the  transduction  equations,  a  reciprocai  tran^sduce^  shows 

T  =T  =6  and(fi  =  ^tu/Z  -  An  antireciprocal  transducer  shows  ^  -  me- 

tm  me  ^  Tj^io  Will  bc  dcvclopcd  foT  thc  Tcrfcnol" 

The  mechanical  dual  form  shown  m  Eqs.  ^  ^  applied 

to  be: 


(f)  =  jcodNi 


Zr 

[*  tan(iCj./j. ) 

_Zj.+Z,+Z^_ 

L 

(30) 


The  other  way  of  determining  the  transdu^on 
electrical  current  and,  therefore,  magnetic  field  to  be  zero  tn  Eq.  (28),  ytelding. 

V|  is  the  voltage  that  develops  acmss  the  open-chcuit  actuator  cofl  lea^  when 

^\muca>^  °  Tn  tViic  rase  fH  =  0)  the  Terfenol-D 

an  external  force  F  is  applied  to  the  actuator  output  rod.  In  this  case  (H 

consdmtive  equations  Eqa  (1),(2)  arc  changed  to: 


_  -Hr- 

S  =  S  T 


(32) 

(33) 


B  =  dT 

The  force  applied  to  the  Terfenol-D  rod,  in  terms  of  the  force  applied  .0  the 
actuator  output  rod,  F ,  is: 


Pa  = 


^z^+z, +z, 


(34) 
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The  A  constant  for  the  solution  to  the  equation  of  motion  is  found  again  in  the  same 
manner  as  described  previously  for  Eqs.  (11), (12).  The  voltage  induced  across  the  leads  of 
the  actuator  coil  as  a  function  of  the  force  applied  to  the  Terfenol-D  rod  is  found  to  be: 


INDUCED 


=  j(odN 


tan(K’j./j.) 


K’j./j.  j 


(35) 


Substituting  the  force  experienced  by  the  Terfenol-D  rod  Eq.  (34)  into  Eq.  (35)  yields 
the  induced  voltage  as  a  result  of  an  externally-applied  force  shown  as: 


INDUCED 


=  jaxiN 


+  Zip  +  2^  _ 

_  Kplp 

(36) 


Factoring  Eq.  (36)  shows  that: 


INDUCED 


=  (f>F 


(37) 


Therefore,  the  Terfenol-D  actuator  is  a  reciprocal  transducer  according  to  this 
formulation.  The  transduction  equations  showing  the  electro-magneto-mechanical, 
interaction  are: 


u  =  jcodN 


Zr  1 

tan(K’j./j.) 

_  +  Zyy  _ 

Kylr  J 

/  +  • 


Zif  +  Zff 


(38) 


(39) 


The  actuator  blocking  force  ( «  =  0)  in  terms  of  applied  current  is  found  to  be: 


=dN 

^^free 


joxlNZj. 

I 

L 

=  0)  is  found  to  be: 

- 

f  tan(K:j./j,)1 

_Zt+Z 

H  - 

L 

J 

(40) 


(41) 
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EXPERIMENTAL  VERIFICATION 

Shown  on  the  following  section  is  the  correlated  actuator  free-stroke  to  voltage 
ffanster  function  and  the  teal  and  imaginaiy  electrical  in.pedaii<». 

ImDlimentation  of  a  system  identiftcation  procedure  used  to  determine  the  actual  fixture 
sdLss  based  upon  the  dynamic  characteristics  of  the  actuator.  Ilie  first  actuator  resonant 
is  at  3100  Hz  as  seen  in  Fig.  4.  At  this  frequency  an  impedance  match  occurs  where  *e 
togin^  portions  of  the  Wenol-D  impedance,  Eq.  (10),  and  the  fixture  impedance,  Eq. 

Q51  have  imaginary  portions  opposite  in  sign.  •  c-  „  c 

The  correlations  of  the  real  and  imaginary  free  electrical  impedances  seen  in  Figs.  5 
and  6  respectively  show  the  effect  of  the  actuator  electro-magneto-mech^ical  i^^e^ction 
The  slight  mismatch  in  resonant  peak  prediction  and  curve  shape  is  a  result  of  coil  electric^ 
non-lintarity  and  variation  of  the  "d"  constant  near  actuator  resonance 
of  the  elecScal  model  using  the  dc  resistance,  effective  free  permeabihty, 
factor  of  the  actuator  coil  improved  the  correlation.  A  detailed  discussion  of  this  correlation 

is  presented  by  Ackerman  (1993). 


Figure  4:  Correlated  Terfenol-D  Actuator  Free-Stroke  to  Voltage  Transfer  Function 


SUMMARY 

This  paper  has  presented  an  analysis  approach  for  developing  the  transduction 
representations  for  a  magnetostrictive  actuator  in  terms  of  measurable  ^ 

m^hanical  properties.  This  model  quantifies  the  mechanical  dynamics  and  the  complexity 
of  the  electro-magneto-mechanical  interaction  in  the  device. 
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Figure  5  Correlated  Real  Electrical  Impedance  of  the  Terfenol-D  Actuator 


Figure  6:  Correlated  Imaginary  Electrical  Impedance  of  the  Terfenol-D  Actuator 

The  developed  transduction  model  aUows  for  analysis  of  the  frequency  and  boundary 
condition  dependent  actuator  behaviors  including  power  consumption,  output  stroke  and 
rorce,  and  efficiency  as  a  transducer.  The  model  also  provides  a  better  understanding  of  the 
rc  ationship  between  the  physical  actuator  parameters  and  the  behavior  characteristics. 

Use  of  the  Terfenol-D  actuator  as  a  collocated  actuator/sensor  is  also  realizable  with 
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#  the  mechanical  dual  form  transduction  representation.  Two  easily  measured  electrical 

quantities,  voltage  and  current,  allow  for  simultaneous  actuation  and  sensing  by  the  actuator. 
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ABSTRACT 

In  this  paper  the  transduction  equations  needed  to  predict  the 
electro-dynamic  behavior  of  piezoelectric  stack  actuators  are  de¬ 
rived.  An  impedance  approach  is  used  to  develop  the  parameters; 
free  electrical  impedance,  transduction  coefificient,  and  short  cir¬ 
cuited  mechanical  impedance,  needed  to  fully  characterize  theirans- 
duction  equations.  Methods  to  experimentally  determine  the  electro¬ 
dynamic  transduction  parameters  are  discussed  and  the  developed 
theory  is  shown  to  match  experimental  data  quite  well  for  a  PZT 
stack  actuator  active  member.  Potential  applications  of  this  wo± 
are  wide  ranging.  Some  possibilities  include  optimization  of  actua¬ 
tor  placement  in  dynamic  systems,  prediction  of  power  consump¬ 
tion  (of  particular  concern  on  spacecraft),  system  ID,  and  accurate 
models  for  design  of  structural  vibration  reduction  and  isolation 

control  ^gorithms . 


INTRODUCTION 

Since  the  commercial  development  of  piezoceramic  materials, 
stack  actuators  have  found  applications  in  many  fields.  A  limited 
list  of  examples  include  micro -positioning,  vibration  isolation,  fast 
acting  valves  and  nozzles,  sonic  transducers,  and  gas  ignitors.  Stack 
actuators  have  been  extensively  used  in  experimental  studies  of  truss 
structure  control  (Fanson  et  al.,  1989,  Preumont  et  al.,  1990, 
Blackwood,  et  al.  199 1 ,  Rahman,  et  al.,  1993).  They  have  also  been 
studied  for  use  in  luxury  car  shocks  (Tsuka  et  al„  1990),  spacecraft 
jitter  reduction  (Glaser  et  al.,  1993)  and  active  engine  mounts  (Sumali 
and  Cudney,  1994). 

The  common  feature  of  all  the  above  stack  actuators  is  that  many 
thin  layers  of  piezoelectric  material,  typically  PZT,  are  glued  or 
cofired  together  with  an  electrode  between  each  layer.  This  arrange¬ 


ment  allows  the  mechanical  displacement  to  sum  in  series  while  the 
electrical  properties  remain  in  parallel.  This  leads  to  large  displace¬ 
ments,  0.1%  strain,  for  lower  voltage  levels  than  would  be  achiev¬ 
able  with  a  monolithic  element  of  the  same  length. 

In  this  paper,  a  method  of  predicting  the  steady  state  dynamic 
behavior  of  a  stack  actuator  is  developed.  It  is  an  extension  of  the 
impedance  analysis  method  and  is  based  on  a  transduction  equation 
approach.  First,  a  brief  overview  of  typical  stack  actuator  configu¬ 
rations  and  the  design  constraints  which  typically  force  a  stack  ac¬ 
tuator  to  be  implemented  as  an  active  member  is  given.  A  variety  of 
analysis  methods  are  reviewed  with  the  goal  of  highlighting  the  ad¬ 
vantages  of  the  impedance  approach  which  is  discussed  in  some 
detail. 

Next,  the  j^ropriate  transduction  equations  are  established  and 
the  three  major  parameters  of  the  transduction  equation  (free  elec¬ 
trical  impedance,  transduction  coefficient  and  short  circuited  me¬ 
chanical  impedance)  are  theoretically  derived.  It  is  shown  that  the 
same  set  of  equations  can  also  be  used  to  describe  an  active  mem¬ 
ber  after  accounting  for  the  impedance  of  the  output  rod  and  pre- 
stress  spring. 

Each  of  the  three  parameters  are  experimentally  measured  and 
compared  to  theoretical  predictions  for  an  piezoelectric  active  mem¬ 
ber.  The  agreement  is  shown  to  be  quite  good.  The  methods  used 
to  measure  the  parameters  are  discussed  in  detail  along  with  other 
possible  alternative  measurement  techniques. 

The  transduction  equations  provide  a  means  to  study  the  coupled 
electro-dyanamic  behavior  of  the  stack  actuators.  This  work  can 
be  extended  to  the  consideration  of  power  requirements  and  arnpli- 
fier  sizing,  dynamic  operation  self  induced  heat  rise,  transmitted 
force  and  structural  response,  control  algorithm  development  and 
coupled  optimization  of  structure,  control  and  power  subsytems  in 
a  truely  integrated  smart  structure. 
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BACKGROUND 

In  Fig.  1,  the  typical  configuration  of  a  stack  actuator  is  shown. 
Multiple  layers  of  electroceramic  material  are  placed  together  with 
alternating  positive  and  negative  electrodes  in  between.  Since  the 
mechanical, displacements  add  in  series,  the  more  layers  used  the 
larger  the  total  output  displacement  This  displacement  is  limited 
by  the  fact  that  as  number  of  layers  increases  the  stifihess  of  the 
actuator  decreases  along  with  resonant  frequencies.  Stiffiness  deg¬ 
radation  is  primarily  driven  by  the  compliance  of  the  glue  layers 
needed  to  assemble  the  actuator.  Another  effect  of  this  glue  layer  is 
that  stack  actuators  are  easily  damaged  by  tensile  loads.  This  weak¬ 
ness  is  further  compounded  by  the  fact  that  PZT  is  ceramic  and 
therefore  brittle  and  weak  under  tension. 

The  coordinate  system  of  a  stack  actuator  is  typically  defined  from 
the  poling  direction  which  is  referred  to  as  the  3  or  z  direction.  As 
shown  in  Fig.  1,  the  plane  orthogonal  to  the  3  direction  holds  the  1 
and  2  (x  and  y)  directions.  Corresponding  with  the  coordinate  di¬ 
rections  are  3  displacement  coordinates,  u,  v  and  w  for  the  1, 2  and 
3  directions.  For  stack  actuators  one  is  typically  only  interested  in 
displacement  in  the  z  direction  or  w. 

To  help  prevent  damage  from  tensile  loads,  stack  actuators  are 
typically  pre-stressed  such  that  even  for  worst  case  external  loading 
the  actuator  material  always  remains  under  compression.  This  can 
be  achieved  with  a  large  mass  in  a  machine  positioning  applications 
or  with  pre-stress  springs.  The  latter  approach  is  referred  to  as  an 
active  member  in  this  paper. 

A  representative  active  member  is  shown  in  Fig.  2.  The  use  of  a 
prestxess  spring,  typically  belleville  washers,  also  creates  a  require¬ 
ment  for  an  output  rod  to  transmit  the  displacement  of  the  actuator 
to  the  host  structure.  Similarly,  to  provide  the  initial  compression 
of  the  spring  and  to  keep  boundary  conditions  rigid,  compared  to 
the  actuator  and  spring,  an  actuator  housing  is  required. 

Another  important  feature  in  most  active  members  is  a  means  of 
bolating  the  stack  from  bending  moments.  Such  moments  can  dam¬ 
age  stacks  because  th^  put  the  actuator  in  alternating  compression 
and  tension  despite  the  prestress  springs.  This  leads  not  only  to  the 
possibility  of  total  failure  but  increased  fatigue  as  well.  Solid  hinges 


FIG.  1  TYPICAL  STACK  ACTUATOR 
Showing  reference  direction  conventions,  alternating  poling 
directions  and  electrode  leads.  The  stack  is  arranged  in  this 
manner  so  that  mechanical  properties  sum  in  series  while 
electrical  properties  remain  in  parallel. 


Output  Shaft 

IPre  Tension 
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Solid  Hinge 


PZT  Stack 
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"j^TsolidHinge 
]  [  End  Adaptor 


FIG.  2  REPRESENTATIVE  ACTIVE  MEMBER 
Shows  the  major  components  of  an  active  member  including 
the  actuator  stack,  pretension  springs,  output  shaft  and  mo¬ 
ment  isolation  mechanisms. 


as  shown  in  Fig.  2  or  cross  blade  flexures  are  typically  used  to  iso¬ 
late  the  stack  actuator. 

To  analyze  the  behavior  of  stack  actuators  many  methods  have 
been  developed.  The  first  are  basically  static  and  primarily  useful 
in  micro-positioning  and  other  quasi-static  applications.  Finite  ele¬ 
ment  approaches  now  available  on  standard  commercial  software 
are  very  accurate.  The  stiffness  approach  of  Umland  et  al.  (1993) 
provides  one  method  of  analysis  that  is  closed  form  and  takes  into 
account  the  pre-stress  and  flexure  dynamic  stiffness.  Marlow  (1993) 
developed  a  closed  form  analysis  of  the  dynamics  of  actively  con¬ 
trolled  optical  surfaces  starting  front  Maxwell's  equations. 


IMPEDANCE  APPROACH 

The  methods  discussed  above  have  some  disadvantages.  Static 
methods  do  not  work  satisfactorily  in  dynamic  cases.  FEM,  while 
accurate,  is  time  consuming,  computationally  expensive  and  cum¬ 
bersome  to  use  at  conceptual  design  levels-  The  stiffness  method 
does  not  explicitly  account  for  the  host  structure  enforced  boundary 
conditions.  Equations  of  motion  do  not  provide  information  on 
power  consumption.  The  impedance  approach  can  correct  all  this. 
First  applied  by  Liang  et  al.  (1992)  to  simple  one  degree  of  freedom 
mass  spring  damper  systems,  the  approach  has  since  been  expanded 
to  cover  beams,  rings,  cylinders,  and  thin  plates  for  both  structural 
and  acoustic  control.  A  summary  and  details  of  some  of  this  work 
can  be  found  in  Liang  et  al.  (1993). 

In  this  paper,  the  impedance  approach  is  extended  to  the  coupled 
electro-mechanical  analysis  of  stack  actuators  and  active  members. 
Some  initial  work  on  mechanical  power  transfer  (Lomenzo  et  al., 
1993)  and  actuator  authority  (Sumali  and  Cudney,  1994)  has  al¬ 
ready  been  done  in  this  field.  The  latter  adapted  a  3  port  transduc¬ 
tion  approach  presented  by  Kino  (1987)  for  high  frequency  acous¬ 
tics  work. 
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Power  consumption  of  stack  actuators  using  the  impedance  method 
has  also  been  investigated  (Hint  et  al,  1994).  In  fact,  this  paper 
extends  and  refines  that  earlier  work  by  creating  a  coupled  analysis 
framework  for  both  the  mechanical  and  electrical  properties  of  stack 
actuators  and  active  members. 

To  start,  some  basics  of  impedance  analysis  must  be  provided 
(Harris,  1988).  In  a  mechanical  sense,  impedance,  ,  is  the 

ratio  of  force  over  velocity  at  a  given  point  and  direction  in  a  struc¬ 
ture: 


^  _  Force 

^mech  ,,  ,  • 

Vel 


(1) 


The  electrical  impedance,  of  a  device  is  the  ratio  of  voltage, 

V,  over  current,  I: 

ZeUc=J-  (2) 


,  the  rod  characteristic  impedance,  and  ,  the  rod  wave  speed, 
are  composed  of  (2^, the  rod  cross  sectional  area,  ,  the  rod 
Young's  modulus  and  the  rod  density.  the  rod  length.  Z^^^ 
is  the  external  single  point  imf>edance  of  the  host  structure  seen  by 
the  transmitting  rod.  Zradj  comes  from  a  need  to  fit  data  as  the 
transmission  line  equation  is  sensitive  to  initial  conditions. 

Using  Eq.  (3)  and  (4)  it  is  possible  to  model  most  components  of 
a  system.  The  individual  components  are  then  combined  using  the 
fact  that  the  impedance  of  components  in  paraUel  (  Zp| ,  Zp2)  sum 
and  when  in  series  the  inverse  of  the  component  impedances 
(25pZ^2)sum: 


^p\+p2 

II 

N 

+ 

N 

(7) 

1 

1  j_ 

(8) 

^sHs2 

Zs\ 

It  is  easily  shown  that  a  standard  lumped  approximation  mechani¬ 
cal  mass-spring -damper  system  can  be  represented  in  impedance 
terms  as: 


Z  = - i  +  CH-  miO), 

CO 


(3) 


where  it ,  C  ,  ttl  are  the  stiffness,  damping  and  mass  of  the  mass¬ 
spring-damper  system,  1  is  and  0)  is  the  frequency  in  rad/ 


sec. 

Equation  (3)  is  strictly  valid  only  for  lumped  parameter  systems. 
If  a  component  of  a  system  transmits  force  from  one  end  to  another 
then  a  lumped  parameter  model  is  rarely  accurate  enough.  In  order 
to  correctly  model  such  an  element,  an  transmission  line  formula¬ 
tion  must  be  used.  One  particular  form  of  this  relation  (Harris, 
1988)  is: 


Z 

Rod 


=  ZradjZ^r 


^or  t3n(/:;./;.) 


(4a) 


which  can  be  extended  to  relate  the  velocity  of  the  output,  VV4 ,  to 
the  input  velocity,  ^2  • 


VV4 


_ _ _ 

Z^r  cosik^lr )  +  iZf^s  sin(^;./r ) 


(4b) 


where; 


Zgr  ~  "'jZr  Pr  • 

(5) 

kr=C0  f^. 

(6) 

TRANSDUCTION  EQUATIONS 

Transduction  equations  are  a  standard  means  of  representing  the 
coupling  of  two  systems  that  are  normally  analyzed  separately.  In 
the  case  of  stack  actuators,  the  two  subsystems  are  the  mechanical 
and  electrical.  The  analysis  is  coupled  because  applied  electrical 
fields  produce  mechanical  strain  and  applied  strain  generates  elec¬ 
trical  fields.  While  a  wide  variety  of  formats  of  the  transduction 
equations  exist,  the  most  convenient  is  the  following  reciprocal  for¬ 
mat: 


+  (pv. 

(9) 

V 

Zep 

(10) 

where  VV  and  I,  the  output  velocity  and  generated  current  respec¬ 
tively,  are  independent  variables  and  F  and  V,  the  force  and  voltage, 
are  dependent  Z^^,  the  short  circuited  mechanical  impedance, 
0,  the  transduction  coefficient  and  Z^/7,  the  free  electrical  im¬ 
pedance  are  parameters  set  by  the  actuator  design  and  operating 
conditions. 

To  fully  characterize  the  behavior  of  an  actuator  described  by  Eq. 
(9)  and  (10),  one  needs  to  measure  any  two  of  the  four  variables  and 
know  the  parameters  Z^/r,  0,  and  Z^'^.  Perhaps  the  easiest  way 
to  obtain  these  parameters  is  to  measure  them  experimentally.  Meth¬ 
ods  to  do  this  will  be  described  latter.  However,  such  measure¬ 
ments  are  only  valid  for  the  exact  conditions  at  which  they  were 
taken  and  are  not  useful  for  parametric  design  studies.  As  is  shown 
in  the  following  sections,  it  is  possible  to  derive  closed  form  equa¬ 
tions  'm  terms  of  actuator  material  paramters  that  fully  describe 

Z£/7,0,and  Z^^. 


Free  Electrical  impedance 

The  starting  point  in  the  derivation  of  Z^p  is  the  equation  of 


motion  of  PZT  material  in  the  z  direction,  W : 


(0\2n{,k^ini) 


(18) 


d^w  _  1  d^w 


(11) 


where  c  is  the  wave  speed.  By  using  Eq.  (11)  the  stack  has  been 
modeled  continuously.  As  a  consequence  of  this,  the  effect  of  the 
glue  and  electrode  layers  are  assumed  to  be  negUgible. 

It  can  be  shown  that  the  displacement  of  a  PZT  wafer  in  the  z 
direction,  w:  ^ 

w  =  [Asin(/:2Z)+  B  cos(/:^2)]e'^ ,  (12) 

satisfies  Eq.  (17);  where  the  material  wave  number  and  y 
the  complex  Young's  modulus  are: 


y;^  =  y/(i  +  T7„o 

for  p,  the  PZT  density,  and  TJ^^the  PZT  mechanical  loss  factor. 
The  superscripts  E,  T,  and  D  that  are  seen  throughout  this  paper 
indicate  that  the  property  is  defined  for  a  constant  electrical  field 
(short  circuited),  stress,  or  open  circuited  condition  re^ctively. 
The  superscript  *  refers  to  complex  variables  with  associated  real 
terms  and  imaginary  loss  factor  components. 

Due  to  the  assumption  that  one  end  of  the  actuator  is  fixed 
^lr-0  ^  ^  ^  solution  constant,  is  seen  to  be  zero,  leaving: 

w  =  Asm(kjZ)e‘*^  ■  (1^) 


(13) 

(14) 


Z 


and  y  the  static  extension  stifihiess,  is: 


/n/ 


(19) 


Until  this  point,  the  PZT  stack  was  treated  as  a  monolithic  ele¬ 
ment  for  the  consideration  of  strictly  mechanical  functions.  How¬ 
ever,  the  parallel  electrical  properties  must  be  treated  layer  by  layer. 
It  can  be  shown  that  the  current,  1,  in  the  PZT  patch  is: 

/  =  io)  jj  D^da  (20) 

area 

where  D3 ,  the  electric  flux  density,  can  be  represented  as: 


D3=  i(67£+d33rz")-  (21) 

/1=1 


The  summation  in  accounts  for  the  parallel  electric  flux  den 
sily  in  each  of  the  layers.  The  components  of  are: 

g7=€[(1  +  tj,0.  (22) 

=  (23) 


A  can  be  solved  for  using  the  fact  that  the  stress,  7^ ,  of  a  PZT  with 
cross  sectional  area.  Cl ,  is: 

- (15) 

a 

and  a  constitutive  equation  in  strain  (S)  and  electric  field  (E)  for¬ 
mat: 

=  (16) 


for  the  dielectric  constant  with  ej  being  the  real  part  and 
Tig  the  electrical  loss  factor.  It  can  be  seen  that  Eq.  (23)  is  just 
another  form  of  Eq.  (16)  that  takes  into  account  the  individual  elec- 
trical  properties  of  each  layer.  Equation  (16)  is  rewritten  again  to 
calculate  the  average  strain  of  the  nth  layer: 

S"-=dwldz  =  Ak^  c.os{k^t(ji  -  0.5))e““ .  (24) 

Noting  that  Dj  is  independent  of  x  and  y.  the  substitution  of  Eqs. 
(21)  -  (24)  into  Eq.  (20)  yields,  after  integration: 


with  being  the  PZT  dielectric  constant.  At  Z  —  where  t 
is  the  thickness  of  each  of  the  n/  PZT  layers,  after  substituting  Eq. 
(15)  and  the  appropriate  time  and  displacement  derivatives  of  W 
(from  Eq.  (14))  into  Eq.  (16): 


k2  cos{k2tni)[l  + 


(17) 


/  =  icoa[(,€*/  ^)—ni 


(25) 


+d33k^Yz^A  Zcos(k,t(n  -  0.5))]c'“ 

rt=l 


It  can  be  shown  that  the  summation  term  in  Eq.  (25)  can  be  replaced 
by  an  integral  term  equivalent  to  sin(k2ln^ )  /  k2t . 

Recognizing  that  the  admittance,  T  =  /  /  V ,  Y  is,  after  substitu- 


where  the  input  stack  impedance,  is: 


tion  for  A: 


Zext 


r  =  icoa[(e^ 


,2  y*E 
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2  „*£  tan(/:^rn,) 


(26) 


Electrical  impedance,  Z^,  is  just  the  inverse  of  the  admittance  Y. 


Therefore  Z,^p  is: 


- 


1 


(27) 


^  f  2ri 

V  [1  +  - 


Zhs=0^ 


where  is  analyzed  at  Zhs-Q.  This  satisfies  Eq.  (10)  be¬ 
cause  for  force  to  be  zero  the  actuator  must  be  free  to  displace  and 
there  can  be  no  host  structure  restricting  the  actuator  displacement. 


FIG.  3  ACTIVE  MEMBER  IMPEDANCE  FLOW 
Force  and  velocity  conventions  are  shown  tor  each  intersec¬ 
tion.  If  just  an  stack  by  it  sett  then  Zext  is  the  same  as  Zhs. 
Othenvise  the  dynamic  mechanical  characteristics  of  the  pre¬ 
stress  spring  and  output  rod  must  be  accounted  for. 


Transduction  Coefficient 

To  solve  for  the  transduction  coefficient  the  easiest  method  is  to 
set  the  force  to  zero  in  Eq.  (9)  and  solve  for 

a  ^ 

4>  =  -.  (28) 

Taking  the  time  derivative  of  Eq.  (14)  yields  an  expression  for  the 
velocity  at  the  top  of  the  stack: 


Extension  to  Active  Members 

As  shown  earlier,  large  systems  are  analyzed  by  considering  the 
impedances  of  components  separately.  The  analysis  of  a  stack  ac¬ 
tuator  can  be  separated  into  two  parts.  The  first  is  that  of  the  stack 

itself,  with  the  second  being  the  impedance,  ,  of  all  the  com¬ 
ponents  external  to  it.  For  a  stack  this  is  simply: 

^ext  =  2//5  (32) 


VV|  =  ioAsin(k2tni ) ,  (29) 


^  where  the  reference  system  from  Fig.  3  is  being  followed.  Substi¬ 

tuting  for  A  (Eq.  27)  and  bringing  the  voltage  term  in  A  over  to  the 
other  side  one  gets: 


icod^s  tan(i^^z) 


(30) 


Analysis  of  active  members  can  be  approached  the  same  way  ex¬ 
cept  that  it  is  important  to  consider  the  behavior  of  the  pre-stress 
spring  and  output  rod  individually.  It  is  possible  to  represent  the 
spring  as  a  mass-spring-damper  system  following  Eq.  (3).  The  out¬ 
put  rod  is  analyzed  using  the  transmission  line  method  of  Eq.  (4)  - 
(6).  The  transmission  line  representation  of  Eq.  (4)  automatically 
takes  the  host  structure  impedance  into  account .  The  external  im¬ 
pedance  seen  by  the  stack  actuator  is  the  parallel  combination  of 
the  spring,  ,  and  rod,  impedance: 


A  similar  approach  can  be  taken  starting  with  Eq.  (10),  shorting 
out  the  voltage,  V,  and  solving  for  (p  —  fiF.  This  approach  gives 
the  same  result  as  Eq.  (30)  (after  much  manipulation)  and  verifies 
the  fact  that  the  active  member  does  indeed  follow  a  reciprocal  trans¬ 
duction  equation  format. 


Short  Circuit  Mechanical  Impedance 

As  the  name  implies  and  inspection  of  Eq.  (9)  reveals,  the  short 
circuit  mechanical  impedance,  is  for  operating  conditions 

when  there  is  no  voltage  applied.  Since  electrical  properties  no 
0  longer  apply  the  active  member  can  be  treated  as  a  solely  mechani¬ 

cal  system  and: 

(31) 


^ext  ~  ^Spring  "*■ 


Rod 


(33) 


Incorporating  this  change  is  sufficient  to  allow  accurate  calcula¬ 
tion  of  Z^p  for  active  members.  However,  further  modification  is 
necessary  for  0  and  Z^.  Using  Eq.  (1.4b),  it  is  possible  to  date 
the  ratio  of  the  velocity  on  either  side  of  Ithe  output  transmission 
line  modelled  rod  whtn  the  host  structure  loading  is  zero  to: 


vvj  cosik^l^) 

Using  Eq.  (34)  with  Eq.  (30)  yields: 


(34) 
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i(od^2  tan( 


^  X  j(l  1 

Z, 


Similarly,  the  derivation  of  the  short  circuited  mechanical  imped¬ 
ance  is  amended  to  include  the  effect  of  having  a  stack  within  an 
active  member.  When  short  circuited,  the  stack  and  spring  are  in 
parallel  with  each  other  because  they  have  the  same  boundary  con¬ 
dition.  Because  of  the  transmission  line  modeling  of  the  rod  im¬ 
pedance,  the  rod  impedance  is  in  series  with  the  spring  and  stack 
both  resulting  in: 

,  _  ^Rodi^Spring  +  ^z) 

{Z.+Zspring+Zp^) 

where  and  are  determined  exactly  as  before  in 

Eq.  (3,4  and  18), 


Table  1  Experimental  Active  Member  Parameters 


cross-sectional  area 
wafer  thickness 
number  of  layers 
density 

Youngs  Modulus 
mechanical  loss  factor 
dielectric  loss 
electric  field  constant 
dielectric  loss  factor 

Spring  (beilvue) _ 

stiffness 

damping 

mass 

Rod  (steeh 
cross-sectional  area 
Young’s  Modulus 
density 
length 

Adjustment  Factor 


Symbol 

Value  Units 

a 

7.8Se-S  m2 

t 

0.5e-3  m 

nl 

182 

t 

7800  kg/m2 
36.0e9  Pa 

ns 

8.33e-3  ... 

€z 

1 .95c-8 

d33 

427e-12rrW 

ne 

0.015  ... 

:: _ 

Ks 

9.66e6  N/m 

0.03 

ms 

7.3e-3  kg 

1  1 

Ar 

5.02e-6  m2 

Yr 

190e9  Pa 

Pr 

7689  kg/m^ 

v 

22.0e-3  m 

Zradi 

0.44  — 

EXPERIMENTAL  VERIFICATION 

The  derivations  of  the  transduction  equation  parameters,  Eq.  (27), 
(35),  and  (36),  were  used  to  predict  the  behavior  of  an  active  mem¬ 
ber  produced  by  Physik  Instrumente.  From  infonnation  provided 
by  the  manufacturer  it  was  possible  to  fully  characterize  almost  all 
of  the  important  constants  which  are  shown  in  Table  1. 

The  actuator  itself  consists  of  182,  10  mm  diameter  PZT  wafers, 
each  0.5  mm  thick  held  together  by  glue  and  prestress.  The  re¬ 
ported  PZT  properties  in  Table  1  are  within  5%  of  the  manufactur¬ 
ers  supplied  data.  One  exception  to  this  is  the  Young’s  modulus 
which  was  reduced  25%  from  the  manufacturer  claim  of  50  GPa.  It 
is  believed  that  the  reported  value  is  for  the  material  itself  while  the 
behavior  of  the  actuator  is  influenced  and  made  less  stiff  by  the 
presence  of  the  glue  layers. 

As  it  was  not  possible  to  disassemble  the  actuator,  it  was  assumed 
to  have  16  belleville  springs  which  corresponded  to  the  supplied 
weight  total.  This  allowed  calculation  of  a  stiffness  given  the  known 
prestress  displacement  The  damping  ratio  was  experimentally  de¬ 
termined. 

The  output  rod  parameters  proved  to  be  the  most  difficult  to  es¬ 
tablish.  It  was  assumed  to  be  steel  matching  the  rest  of  the  actuator 
casing  material.  Its  length  was  calculated  from  the  known  showing 
distance  and  the  assumed  internal  length  available  from  plans  and 
the  amount  of  space  182  layers  of  PZT,  electrodes  and  glue  had  to 
occupy.  Finally,  the  known  rod  cross  sectional  area  was  reduced  by 
a  factor  of  ten  to  account  the  moment  isolation  devices. 

The  process  of  establishing  the  unknown  actuator  parameters  was 
an  iterative  one  in  which  assumed  values  were  used  to  generate 
theoretical  predictions  that  were  then  compared  to  experimental 
results.  While  the  given  parameters  agree  with  all  known  physical 
characteristics  of  the  active  member,  in  the  future  it  is  desired  to 
test  an  actuator  that  can  be  disassembled.  This  would  allow  esti¬ 
mates  of  the  stack  actuator,  spring  and  ouq)ut  rod  characteristics  to 
be  experimentally  developed  prior  to  active  member  integration. 


From  Eq.  (10)  it  is  easily  seen  that  if  the  force,  F,  is  zero,  i.e.  the 
actuator  is  free  to  displace  because  there  are  no  constraints,  7i£f 
is  easily  determined  from  the  ratio  of  the  voltage  over  the  current. 
This  measurement  is  a  fairly  common  one  in  the  field  of  electrical 
engineering.  In  the  exp)erimental  results  shown  below  a  HP  4194A 
impedance  gain  analyzer  was  used.  It  operates  by  measuring  the 
current  necessary  to  maintain  a  constant  2  volt  AC  signal  in  the 
measured  circuit,  which  in  this  case  is  an  active  member. 

Experimentally,  the  active  member  was  left  unconstrained  on  both 

Impedance  Analyzer 
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FIG.  4  Zef  EXPERIMENTAL  SET  UP 
The  active  member  is  attached  to  the  impedance  analyzer 
which  measures  the  current  needed  to  maintain  ±  2  V  AC.  If 
there  is  no  host  structure  loading  this  measurement  is  then 
Zef. 
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Frequency,  Hz 

FIG.  5a  MAGNITUDE  OF  Zef 
Theoretical  predictions  (solid)  agree  very  well  with  experi¬ 
mental  data  (dots)  over  a  very  wide  frequency  range.  Note 
the  capacitive  behavior  at  lower  frequencies  and  the 
resoanance  arround  5800  Hz  which  is  caused  by  an  elec¬ 
trical  resonance  of  the  active  material. 


Frequency,  Hz 
FIG.  5b  PHASE  OF  Zef 

The  large  phase  shift  corresponds  to  the  electrical  reso¬ 
nance.  The  smaller  shifts  are  most  likely  due  to  unmodelled 
higher  order  behavior  of  the  prestress  spring.  As  before, 
solid  lines  are  theoretical  and  dotted  lines  signify  experi¬ 
mental  data. 


and  attached  to  the  impedance  analyzer  (Fig.  4).  Because  of  the 
high  impedance  of  the  casing  compared  to  the  spring  and  stadc,  this 
is  effectively  a  fixed  free  boundary  condition.  Frequency  was  swept 
from  100  to  10,000  Hz  in  20  Hz  steps  and  averaged  8  times  for  each 
step.  Experimental  magnitude  and  phase  results  (dotted  line)  are 
compared  in  Fig.  5(a&b)  with  theoretical  predictions  (solid)  gener¬ 
ated  from  Eq.  (27)  and  the  parameters  of  Table  1. 

The  agreement  between  theoiy  and  experiment  is  quite  good  in 
the  low  frequency  range  (0  to  2000  Hz).  This  agreement  starts  to 
drift  slightly  as  the  influence  of  the  PZT  stack  resonance  becomes 
stronger.  It  should  be  noted  that  when  considering  impedance,  a 
valley  in  the  frequency  response  denotes  a  resonance.  This  makes 
sense,  because  at  a  resonance,  the  structure  vibrates  more  for  a  given 
force,  therefore  the  velocity  is  higher  and  the  impedance  (FA^)  de¬ 
creases. 

As  can  be  seen  in  Fig.  5a,  the  theoretical  resonance  occurs  slightly 
after  the  measured  experimental  value  of  about  5800  Hz.  The  loca¬ 
tion  of  the  theoretical  resonance  is  driven  by  the  stifi&iess  of  the 
PZT  stack  (i.e.  its  Young’s  modulus)  and  to  some  degree  the  electric 
field  constant,  d33.  The  steepness  of  the  transition  from  resonance 
to  the  anti  resonance  was  underpredicted  as  well.  This  behavior  is 
primarily  driven  by  .  The  lack  of  perfect  agreement  in  the  mag¬ 
nitude  plot  also  shows  in  the  phase  where  the  theoretical  phase  shift 
is  narrower  than  the  experimental  data. 

The  sources  of  the  unpredicted  spikes  in  the  experimental  response 
are  not  exacUy  known  but  are  most  likely  caused  by  unmodeled 
higher  order  dynamics  in  the  spring.  Other  possibilities  could  be 
non  extensional  mode  shapes  (bending,  torsion,  etc.)  that  are  cou¬ 
pling  into  extension  or  the  effects  of  nonuniformities  in  glue  layers. 
In  fact,  the  possibilities  are  endless  and  until  each  element  of  the 
active  member  can  be  characterized  seperately  it  is  impossible  to 


attribute  a  particular  unpredicted  resonance  to  any  one  cause. 


There  are  two  experimental  ways  to  measure  the  transduction  co¬ 


efficient.  The  first  comes  from  Eq,  (9)  and  the  fact  that  when  there 
is  no  force  (i.e.  free  displacement),  (f)  is  just  the  ratio  of  the  output 
velocity  over  the  applied  voltage.  The  second  is  based  on  Eq.  (10) 


and  involves  the  ratio  of  current  over  force  when  the  actuator  is 


short  circuited  so  that  the  voltage  is  zero.'  The  first  proves  more 


FIG.  6  PHI  EXPERIMENTAL  SET  UP 
The  active  member  is  excited  with  random  noise  generated 
by  an  internal  function  generator  of  the  WCA.  Applied  volt¬ 
age  and  resulting  output  velocity  (measured  with  a  velocime- 
ter)  is  recorded  and  turned  into  a  FRF  on  the  WCA. 
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Experimental  and  theoretical  results  agree  well.  The  large 
peak  corresponds  to  the  electrical  resonance  of  the  stack. 
Other  resonances  are  due  to  unmodeled  system  dynam¬ 
ics.  As  before,  they  are  above  the  electrical  resonance 
and  therefore  above  the  typical  use  range  anyway. 


Experimental  and  theoretical  results  agree  well  except  for 
the  phase  shift  drift  of  10  to  15  degrees  seen  In  the 
expeimental  data.  The  phase  shift  at  9500  Hz  corresponds 
to  the  unmodelled  resonance  seen  in  Fig.  7a. 


desirable  in  that  die  velocity  can  be  measured  non  contactively  and 
voltage  is  the  standard  output  of  most  function  generators.  If  the 
second  set  up  is  used  then  a  force  transducer  must  be  attached  with 
its  corresponding  degradation  of  the  free  boundary  condition. 
Experimentally  the  transduction  coefficient  was  measured  from  the 
frequency  response  function  of  velocity  over  applied  voltage.  Ve¬ 
locity  was  measured  using  a  Polytec  ^^bromete^  system  with  a  OFV 
2500  Controller  and  OFV  350  Optical  Single  Point  Head.  The  la¬ 
ser  light  path  was  aimed  at  the  tip  of  the  active  member  output  rod 
such  that  the  laser  light  hit  the  output  rod  as  close  to  straight  on  as 
possible.  The  angle  was  adjusted  until  coherent  return  scatter  was 
indicated  by  the  laser  control  system. 

The  actuator  itself  was  excited  by  a  0.5  volt  amplitude  shaped  ran¬ 
dom  noise  from  0  to  10,000  Hz.  Data  was  gathered  on  a  Quadra 
950  based  WCA  Zonic  AND  data  acquisition  system.  1024  data 
points  were  averaged  1000  times  with  a  Hanning  window  to  create 
the  frequency  response  function.  Once  again  the  actuator  was  left 
unconstrained  on  both  ends  and  rested  on  foam. 

As  seen  in  Fig.  7(a&b)  the  agreement  between  theoretical  predic¬ 
tions  (solid  line)  from  Eq.  (38)  and  the  parameters  of  Table  1  and 
experimental  results  (dotted  line)  are  good.  Agreement  is  quite 
good  until  the  electrical  resonance  is  reached.  After  this  point  there 
is  strong  coupling  with  unidentified  modes  arround  8000  and  9500 
Hz. 

In  the  phase  plane  (Fig.  7b)  agreement  is  good  as  to  the  general 
shape.  The  predicted  180  degree  phase  shift  occurs  exactly  at  the 
experimental  electrical  resonance.  One  discrepancy  is  a  down¬ 
ward  drift  of  the  experimental  phase  by  about  10  to  15  degrees  over 
the  0  to  5(XX)  Hz  range.  This  downward  drift  might  account  for  the 
fact  that  after  the  resonance  induced  phase  shift,  theoretical  predic¬ 
tions  are  10  to  15  degrees  higher  than  the  experiment  in  the  upper 


frequency  range.  The  unpredicted  phase  shift  at  9500  Hz  corre¬ 
sponds  to  resonance  in  the  magnitude. 


Short  Circuit  Mechanical  impedance 
This  parameter  proved  to  be  the  hardest  to  measure  experimen¬ 
tally.  The  most  obvious  method  comes  from  Eq.  (9).  When  the 
voltage  is  forced  to  be  zero  (i.e.  short  circuited)  then  is  just 


FIG.  8  Zms  EXPERIMENTAL  SET  UP 
The  set  up  is  exactly  the  same  as  Fig.  6  except  that  a  mass  is 
added  to  the  tip  of  the  active  member  output  rod  so  a  known 
force  /impedance  relationship  can  be  calculated. 


Frequency,  Hz 

FIG.  9a  MAGNITUDE  OF  Zms 
The  resonance  at  5750  Hz  corresponds  to  the  electrical 
resonance.  The  magnitude  and  frequency  of  the  two  major 
anti-resonances  are  determined  by  the  output  rod  imped¬ 
ance. 
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Agreement  between  theory  and  experiments  is  quite  good. 
The  relatively  greater  amount  of  discrepancies  comes  from 
the  fact  that  the  experimental  values  for  Zms  were  deter¬ 
mined  from  two  measurements;  Phi  and  w/V, 


the  ratio  of  force  over  velocity.  Another  more  practical  possibility 
is  to  rearrange  Eq.  (9)  into: 


^  _  F  F/V 

However  the  experimental  set  up  can  be  simplified  further  by  re¬ 
alizing  that  if  a  known  impedance  is  applied,  say  that  provided  by  a 
fixed  mass,  the  force  and  velocity  can  be  related  by  the  standard 
mechanical  impedance  relationship,  Eq.  (1),  repeated  here  in  a  modi¬ 
fied  format: 


^  ^mass^ 


(38) 


This  allows  further  simplification  of  the  experiment  because  onlj 
one  measurement,  W  /  V ,  is  now  required  to  satisfy  the  modifiec 
Eq.  (40): 


•7  -7 

^ms  “  ^mass  ~  7  (39) 

As  shown  in  Fig.  8,  the  experimental  set  up  is  almost  exactly  the 
same  as  that  used  for  measuring  the  transduction  coefficient.  Phi. 
The  only  change  is  the  addition  of  a  mass  to  the  actuator  output  rod 
which  weighed  24  grams.  The  aplied  voltage  was  measured  on  the 
WCA  Quadra  along  with  the  resulting  laser  signal.  A  shaped  ran¬ 
dom  noise  AC  voltage  from  0  to  10,000  Hz  was  applied  to  the  ac¬ 
tuator.  As  before,  the  WCA  Zonic  AND  system  was  used  to  collect 
the  data  and  form  the  transfer  function.  Data  from  0  to  10,000  Hz 


was  taken  in  blocks  of  size  2048,  averaged  5,000  times. 

After  aquisition,  the  data  was  used  in  Eq.  (39)  along  with  the 
experimental  transduction  coefficient,  ip ,  and  the  weight  of  the  mass 
to  generate  the  experimental  results  shown  in  Fig.  9a&b,  As  before, 
the  agreement  is  quite  good.  Electrical  resonance  at  5750  Hz  domi¬ 
nated  behavior  as  in  the  other  two  parameters  but  is  modified  by  the 
presence  of  two  anti  resonances.  The  realatively  large  amount  of 
discrepancies  can  be  attributed  to  the  fact  that  two  sets  of  experi¬ 
mental  measurements  were  combined  to  generate  this  data  set  This 
is  especially  clear  with  regards  to  phase  ^ig.  9b).  As  always  agree¬ 
ment  above  the  electrical  resonance  is  the  least  acceptable. 

In  order  to  achieve  the  fit  of  magnitude  and  frequency  shown  for 
the  antiresonances  of  Fig.  9a,  the  adjustment  factor,  Zradj  was  in¬ 
troduced  and  iteratively  tuned  until  agreement  was  reached.  Intro¬ 
duction  of  this  factor,  included  in  Eq.  (4)  had  minimal  effect  on  the 
predictions  off  Zef  and  Phi  and  thus  this  approach  is  deemed  ac¬ 
ceptable  until  a  more  detailed  understanding  of  the  physics  of  the 
rod  impedance  can  be  developed. 

CONCLUSIONS 

In  this  paper,  theoretical  predictions  of  the  transduction  equations 
necessary  to  describe  the  behavior  of  stack  actuators  by  themselves 
or  as  active  members  in  host  structures  were  developed.  These  re¬ 
sults  were  experimentally  verified  with  good  agreements  up  to  the 
first  natural  resonance  of  the  active  member  system.  Agreement 
after  the  first  resonance  was  acceptable  but  was  disturbed  by 
unmodeled  higher  order  system  dynamics. 

The  impedance  modeling  approach  taken,  along  with  the  use  of 
the  transduction  equations,  offers  a  great  amount  of  useful  informa¬ 
tion  within  two  coupled  equations.  The  mechanical  output  and  elec- 


trical  behavior  of  any  piezoelectric  stack  actuator  can  now  be  theo¬ 
retically  predicted.  This  information  along  with  that  of  the  power 
consumption  can  be  used  to  develop  optimized  design  at  a  concep¬ 
tual  level. 

The  methodology  shown  here  can  be  inversed  and  used  to  solve 
for  the  point  host  structure  dynamics  and  used  as  a  form  of  system 
ED  and  damage  detection.  The  knowledge  of  the  system  electrical 
behavior  can  be  used  to  size  amplifiers  to  prevent  saturation  and 
non  linear  effects.  Also,  knowledge  of  dissipative  power  allows 
predictions  of  resistive  heating  induced  temperature  changes  within 
the  active  material.  In  control  applications  where  the  accuracy  of 
the  model  is  critical,  higher  fidelity  stack  actuator  models  are  now 
available. 

When  using  the  results  of  this  paper  it  is  important  to  remember 
that  they  depend  on  several  assumptions.  First,  the  theroy  was  based 
on  steady  stale  dynamic  excitaiton  and  linear  behavior.  Thus,  the 
hysteretic  and  drift  behavior  of  the  actuator  material  is  not  consid¬ 
ered.  The  effect  of  the  glue  layer  was  taken  into  account  by  reduc¬ 
ing  the  PZT  Young’s  modulus.  Material  properties  are  assumed  to 
be  constant  with  frequency,  temperature  and  applied  voltage.  The 
single  degree  of  freedom  spring  assumption  limits  modeling  after 
the  first  actuator  resonance.  This,  however,  is  not  typically  of  con¬ 
cern  as  in  most  applications  stack  actuators  are  used  well  below 
electrical  resonance. 
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Al?stract 

A  closed  form  method  of  predicting  the 
dynamic  force  and  velocity  output  of  stack  active 
members  integrated  within  complex  truss 
structures  is  presented.  By  active  member  it  is 
meant  an  actuator  that  is  an  integral  part  of  the  host 
structure  providing  both  a  structural  load  path  and 
an  ability  to  control.  If  such  an  active  member  is 
modeled  in  terms  Of  transduction  equations  based 
on  force,  output,  voltage  and  current,  along  with  a 
boundary  condition  imposed  by  the  host  structure 
it  is  possible  to  predict  the  force  transmitted  by  the 
active  member  into  the  host  structure.  A  method 
of  converting  the  host  structure  mobility  at  each 
end  of  the  active  member  into  an  equivalent  host 
structure  impedance  is  provided  as  most 
transduction  equations  are  derived  with  an 
assumption  of  single  point  equivalent  impedance. 
The  theoretical  predictions  are  experimentally 
tested  with  a  PZT  stack  active  member  integrated 
in  a  complex  truss  structure  representative  of  a 
small  satellite.  This  work  can  be  used  to  provide 
accurate  predictions  of  the  actuator  output  applied 
to  the  structure  it  is  integrated  vvithin  for  use  in 
active  control  law  development  or  structural 
dynamic  analysis. 


lifi _ Introduction 

Integrated  strain  actuators  (ISA)  are  devices 
that  take  input  energy  and  convert  it  into  a 
mechanical  displacement  output  while  being  part 
of  the  structure  they  impart  the  mechanical  energy 
into.  Because  the  ISAs  are  within  a  structure,  the 
displacement  is  restricted  by  frequency  varying 
boundary  conditions.  Hence,  this  displacement  is 
better  thought  of  as  a  strain  input  and  thus  the 
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name,  ISA.  Some  common  examples  are  voice 
coils  and  hydraulic  actuators.  Smart  materials,  such 
as  piezoelectrics,  electrostrictives,  shape  memory 
alloys  and  mangnetostrictives  have  also  been 
used  as  ISAs. 

In  this  paper,  a  subclass  of  ISA's  known  as 
piezoelectric  stack  active  members  will  be 
concentrated  on.  These  devices  are  put  in  a  host 
truss  structure  in  order  to  provide  some  sort  of 
shape,  vibration  control  or  sensing  capability  to  an 
otherwise  passive  truss  structure.  They  are  called 
members  because  they  replace  passive  structural 
members  but  remain  an  integral  part  of  the 
structural  load  paths.  The "  active"  part  of  the  name 
comes  from  the  fact  that  they  are  most  often 
placed  within  a  structure  as  actuators  to  provide 
control  authority.  "Active"  also  iridicates  that  the 
so  called  "smart  materials"  are  used  rather  than  the 
more  traditional  hydraulic,  electromagnetic  or 
compressed  air  actuators. 

It  is  important  to  make  clear  the  distinction 
between  stack  actuators  and  an  active  member. 
Piezoelectric  stack  active  members  use  stacks  but 
also  have  pre-stress  springs  and  output  shafts  that 
make  them  useful  in  structural  applications.  Thus, 
an  active  member  is  the  whole  device  while  the 
stack  is  just  the  motor. 

Within  this  paper  some  of  the  truss  structures 
for  which  active  members  were  considered  are 
reviewed.  This  is  followed  by  discussion  of 
piezoelectric  stack  active  members.  A  specific 
formulation  of  the  transduction  equations  for 
piezoelectric  stack  active  members  is  reviewed  and 
previous  analytical  approaches  are  discussed. 
These  equations  are  then  used  in  conjunction  with 
an  expression  for  the  boundary  conditions 
imposed  by  the  host  structure  to  develop  a  set  of 
equations  for  the  current  requirements  and  force 
output  of  the  integrated  stack. 

Most  active  members  are  implemented  within  a 
structure  with  two  boundary  conditions.  A  method 
of  accounting  for  this  is  and  finding  the  equivalent 
host  structure  impedance  is  provided  based  on 


mobility.  The  models  of  the  admittance  signature 
and  force  output  predictions  are  then 
experimentally  verified  with  a  PZT  stack  active 
member  integrated  within  a  complex  truss 
structure  representative  of  a  small  satellite. 

With  theoretical  predictions  of  the  force  output 
available  it  is  possible  to  perform  detailed  design 
studies  prior  to  prototyping  or  production.  These 
results  also  allow  coupled  optimization  of  the 
structural  control  output  authority  especially  with 
regards  to  output  saturation  and  non  constant 
force  output  vs.  frequency.  With  this  knowledge, 
better  simulation  of  the  response  of  the  host 
structure  to  active  control  is  possible. 


2.0  Background 

Interest  in  the  implementation  of  active 
members  within  truss  structures  has  been  high. 
Some  notable  examples  include  the  NASA 
Langley  Control  Structure  Interaction  Evolutionary 
Model  (CEM)  Phases  1-3,  the  MIT  Multipoint 
Alignment  Test  Bed  (Blackwood  et  al.,  1991)  and 
the  various  JPL  test  beds  (Kuo  et  al.,  1991, 
Umland  &  Chen,  1992,  to  mention  just  a  few). 

2.1  Previous  Analytical  Methods 

Ealey  (1991)  gives  a  good  overview  of  most 
available  active  member  materials  and 
implementations.  Umland  et  al.  (1993)  specifically 
reviews  the  actuator  types  studied  at  JPL  (PZT, 
PMN  and  Terfenol)  and  gives  an  analytical  method 
to  predict  the  output  force  and  displacement 
based  on  a  stiffness  analysis.  This  allows  inclusion 
of  the  dynamic  nature  of  pre-stress  springs  and 
moment  isolation  devices  but  neglects  the 
coupling  with  the  host  structure  boundaries  with 
regards  to  force  outpuL  electrical  and  mechanical 
actuator  properties. 

Most  past  research  has  concentrated  on 
modeling  the  behavior  of  the  actuators  by 
themselves.  Others  studies  have  been  interested 
in  force  output  but  mostly  in  how  it  affected  control 
algorithm  behavior.  In  some  cases,  static  models 
have  been  used  which  is  not  applicable  to  dynamic 
situations.  As  finite  element  modeling  routines 
become  more  sophisticated  modeling  by 
computer  analysis  is  possible  but  computatiorially 
expensive  and  time  consuming.  This  is  especially 
true  if  one  wishes  to  perform  optimization 
iterations. 

The  already  discussed  work  of  Umland  (1993) 
is  a  good  step  in  that  it  allows  consideration  of  they 
dynamic  properties  of  the  active  member  but  does 
not  include  host  structure  imposed  boundary 
conditions.  Lomenzo  et  al.  (1994)  provides  an 
initial  analysis  based  on  an  impedance  approach 


Fig.  2.1  Typical  stack  actuator 
architecture 

that  does  consider  the  interactions  between  just  a 
PZT  stack  actuator  and  host  structure. 

2.2  Stack  Actuators 

Piezoelectric  and  electrostrictive  active 
members  are  usually  constructed  in  the  same 
manner  as  shown  in  Fig.  2.1.  Thin  layers  of  the 
active  material  are  electroded  and  layered,  or 
alternatively  cofired,  together  on  top  of  each  other. 
This  is  done  so  that  the  mechanical  properties  are 
in  series  while  electrical  properties  are  in  parallel. 
This  arrangement  leads  to  relatively  large 
displacements  for  reasonable  voltages.  This 
happens  because  the  applied  elecfric  field  (which 
is  what  causes  the  expansions)  is  directly  related  to 
the  applied  voltage  over  the  thickness.  Thus  for  a 
constant  voltage,  the  thinner  the  layer  the  larger 
the  applied  electric  field. 

Due  to  the  glue  used  during  assembly,  not  to 
mention  the  characteristic  of  the  ceramic  active 
material  itself,  stack  actuators  are  weak  under 
tension  loads  typically  found  in  dynarnic 
applications.  This  led  to  the  development  of  active 
merr.'^''rs  which  include  a  pre-stress  spring  to 
proU  A  the  stack  from  tension  during  operation. 
Typicaily,  an  active  member  also  provides  isolation 
from  moments  by  solid  hinges  or  flexures  in  order 
to  prevent  excessive  cyclic  loading  (leading  to 
fatigue)  and  alternating  tension  in  the  stack.  Also, 
active  members  are  typically  instrumented  with 
strain  gage  or  eddy  current  sensors.  Another 
possibility  is  to  use  the  active  material  as  a  sensor 
in  addition  to  actuator.  Anderson,  et  al.  (1992)  has 
studied  this  specifically  with  regards  to  PZT  active 
members  in  truss  structures.  A  generic  schematic 
of  a  typical  active  member  is  shown  in  Fig.  2.2 
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.  (2.4) 
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whereZ^^and  are: 


=  (2.5) 

=  (2.6) 


Using  the  above  two  methods,  it  is  possible  to 
mode!  most  components  of  a  system.  The  indi¬ 
vidual  components  are  then  combined  using  the 
fact  that  the  impedance  of  components  in  parallel 
(Zpi.Zpj)  sum  and  when  in  series  the  inverse  of 

the  component  impedances  (  ^sl^^s2)  sum: 


^pl+p2  ■”  ^pl  ^p2 


■^sl+s2 


■'s2 


(2.7) 

(2.8) 


2.3  Mechanical  Impedance 

This  paper  depends  heavily  on  an  under¬ 
standing  of  mechanical  impedance  and  its  dual, 
mobility.  Therefore  the  necessary  basic  principals 
are  reviewed  here.  Mechanical  impedance  and 
mobility,  which  are  simply  the  inverse  of  each 
other,  are  the  ratios  of  force  and  velocity  at  a  given 
point  and  direction  in  a  structure  (Harris,  1988): 


Force 

Vel 

Vel 

Force 


(2.1) 

(2.2) 


Starting  from  first  principals  of  mechanical 
systems  represented  by  second  order  differential 
equations  it  can  be  shown  that  for  steady  state 
excitation  a  standard  mechanical  mass-spring- 
damper  system  can  be  represented  in  terms  of 
impedance  as: 


k 

Zw  = — i  +  c  +  mico.  (2.3) 

(0 

Alternatively,  it  is  sometimes  necessary  when 
the  element  to  be  modeled  transmits  force  from 
one  end  to  another  to  use  a  transmission  line 
modeling  approach.  This  results  in  a  final 
expression  for  the  impedance  of  the  element  as 
(Harris,  1988): 


As  an  example  of  how  to  use  these  equations 
that  will  also  be  useful  latter,  a  model  of  an  stack 
active  member  is  now  shown.  In  Fig.  2.3  one  can 
see  the  active  member  shown  in  Fig.  2.2  in  a 
schematic  component  form.  The  stack  imparts 
force  and  displacement  to  a  pre-stress  spring  and 
output  rod.  The  rod  in  turn  delivers  the  actuator 
output  to  the  attached  host  system  which  is 
assumed  to  load  the  active  member  from  one  side 
only.  As  the  spririg  is  fixed  by  the  rigid  (compared 
to  the  rest  of  the  components)  active  member 
casing  a  mass-spring-damper  approximation  of  its 
behavior  using  Eq.  (2.3)  is  acceptable.  However, 
since  the  output  rod  transfers  forces  from  one  end 
to  another,  a  transmission  line  model  as  provided 
by  Eq.  (2.4)  is  more  appropriate. 


Zext 


Fig.  2.3  impedance  diagram  of  typical 
active  member  architecture 
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Examination  of  Eq.  (2.4)  reveals  that  the  host 
structure  impedance  is  already  included  in  the 
transmission  line  impedance  model  of  the  output 
rod.  Thus,  the  final  expression  for  the  impedance 
external  to  the  stack  actuator,  is  simply : 

^ext  ^spring  ^rod<  (2.9) 


2= - 

cot&n(k^tn,) 

*E  ^ 


tn, 


£7  =e:  (1  +  77.0. 


(3.6) 

(3.7) 

(3.8) 


because  the  spring  and  output  rod  (including  the 
effects  of  the  host  structure)  are  in  parallel  with 
each  other  and  hence  Eq.  (2.7)  applies. 


3.0  Transduction  Equations. 

In  this  section  the  transduction  equations 
critical  to  determining  the  force  output  are 
presented.  This  work  is  provided  in  summary  form 
as  the  details  are  available  in  Flint  et  al.,  1994b. 

3,1  Transduction 

The  transduction  equations  that  most 
accurately  depicts  the  behavior  of  piezoelectric 
stack  actuators  take  the  form: 


If  Zext  is  calculated  using  Eq.  (2.9)  with  the 
host  structure  impedance  set  to  zero  then  Eq. 
(3.3)  results  in  an  expression  for  the  free  electrical 
admittance  which  can  be  inversed  to  yield  the  free 
electrical  impedance,  Zef.  If  the  effects  of  the 
boundary  conditions  are  retained  one  has  a 
measure  of  the  coupled  electrical  impedance.  In 
either  case  the  impedance  is  gained  by  inverting 
the  admittance  of  Eq.  (3.3)  using; 

Z£=^.  (3.9) 

3.3  Phi 

The  transduction  coefficient,  Phi,  is: 


w  =  -^  +  (f)V.  (3.1) 
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The  particular  representation  used  here  is  typically 
called  the  dual  form.  These  equations  relate  the 
velocity  and  current  to  the  applied  force  and 
voltage  through  the  three  transduction 
parameters,  Zef.  Phi  and  Zms. 

3.2  Zef 

The  electrical  admittance  of  a  PZT  stack 
actuator  can  be  written  as; 


where  the  cosine  term  in  the  denominator 
incorporates  the  influence  of  the  output  rod 
impedance. 

3.4  Zms 

The  short  circuited  mechanical  impedance 
represents  the  behavior  of  the  active  member 
when  the  member  is  not  capable  of  behaving  as  an 
active  member.  The  exact  form  of  the  short 
circuited  mechanical  impedance  is  given  by; 


r 


(3.3) 


^Rod  Zhs-0  ^Spring  ) 

^Spnng  ^Rod  zhs=0  ^ 


(3.11) 


n, 

i(oa— 

t 


-4y;"+4y;" 


tan(^^m,) 


ktn, 

1 

+ 

1 

Z  1 

L  2z  J 

with: 


y;"  =  y/(i  +  77„o. 


(3.4) 

(3.5) 


Zj  is  described  by  Eq.  (3.6)  and  is  used  in  this 
equation  because  when  the  stack  is  short  circuited 
it  behaves  purely  mechanically.  As  for  all  of  the 
transduction  equation  parameters,  Z^j^j  is  calcu¬ 
lated  for  the  case  of  no  host  structure  loading. 


4.0  Structural  Coupling 

Because  the  host  structure  loading  was  not 
directly  included  in  the  transduction  equations 


they  are  strictly  valid  only  when  the  active  member 
is  free  or  blocked.  However,  when  integrated  in  a 
structure  a  force  and  output  equilibrium  must  exist 
at  the  connection  between  the  output  rod  and  the 
host  structure.  This  equilibrium  can  be  expressed 


F  =  -Zff^w 


With  this  e)q3ression  it  is  now  possible  to  solve  for 
the  any  three  of  the  transduction  equation 
variables  in  terms  of  the  fourth.  If  voltage  is  chosen 
as  the  dependent  variable,  the  current,  force  and 
velocity  can  be  determined.  First,  Eq.  (4.1)  is 
substituted  into  Eq.  (3.2)  resulting  in 

/  =  +  V I  Zep  (4.2) 

which  is  then  rearranged  to  solve  for  the  velocity 
and  then  set  equal  to  Eq.  (3.1)  which  is  another 
expression  for  the  velocity: 
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The  resulting  expression  is  then  rearranged  in 
terms  of  the  force; 


F  =  ( 


l-hief 


-W)z. 


which  is  then  substituted  into  Eq.  (3.2)  resulting  in 
an  expression  that  is  in  terms  of  the  current  and 
voltage  variables  only: 


J-V/Zp 

'  -<l>Z,s 


I  =  (4.5) 


Solving  for  the  current  in  terms  of  voltage  yields: 

,  _  (z»  /Zep  -  +  Z„,  /Z„) 

(z„-fz„, 

This  expression  can  then  be  substituted  back  into 
Eq.  (4.4)  and  the  first  half  of  Eq.  (4.3)  and  the  force 
and  velocity  output  of  the  active  member  are 
known  for  a  given  input  steady  state  harmonic 
voltage. 


Fig.  5.1  Direct  mobility  points  and  cross 
mobility  paths  of  a  host  structure  that  a 
active  member  is  integrated  within. 

the  transduction  equation  parameters  assumes 
that  the  actuator  has  output  only  at  one  end  as 
shown  in  Fig.  2.3.  During  implementation  in 
dynamic  structures  this  will  rarely  be  the  case. 
Thus  a  method  of  accounting  for  the  boundary 
conditions  imposed  on  the  actuator  at  both  ends 
must  be  developed.  In  Fig.  5.1  the  reference 
directions  and  possible  structural  paths  for  force 
transmission  between  each  end  of  the  actuator  are 
shown.  Using  the  mechanical  mobility  relationship; 


(5-1) 

Force- 

where  i  indicates  the  location  of  excitation  and  j  the 
location  of  response,  it  is  possible  to  determine 
the  displacement  at  each  actuator  end: 


VVg  —  MggFg  +  M  pgFp  (5.2) 

Wp  =  MgpFg  +  MppFp  (5.3) 


From  this,  the  equivalent  host  structure 
impedance  seen  by  the  active  member  can  be 
determined  by  taking  the  ratio  of  applied  force  over 
the  difference  in  velocity: 


While  not  explicitly  shown,  the  development  of 


ZtqHS  ~ 


Force 


3558 


In  the  derivation  an  assumption  of  structural 
iinearity  was  made  allowing  the  cancellation  of  .the 
cross  mobilities,  M^p  and  Mpg.  It  is  important  to 
ensure  this  assumption  is  valid  when  the  active 
member  is  integrated  in  a  host  structure  before 
these  results  can  be  used  with  confidence. 

Equivalent  host  structure  impedance  and 
response  mobilities  can  be  determined  by  any 
means  desired.  If  the  truss  structure  is  simple 
enough,  closed  form  analytical  predictions  are 
possible.  The  host  structure  can  be  broken  down 
into  a  series  of  components  represented  as  mass¬ 
spring-dampers  whose  combined  behavior  can 
then  be  approximated  using  standard  mechanical 
engineering  principals  discussed  in  Section  2.3. 

If  accurate  knowledge  of  the  final  structural 
configuration  is  available,  a  finite  element  model 
can  be  developed  to  allow  predictions.  This 
approach  is  also  useful  during  preliminary  and 
conceptual  design  stages.  Finally,  if  the  host 
structure  is  available  the  various  mobilities  and 
impedances  can  be  measured  directly  which  is  the 
approach  taken  in  this  paper. 


6.0  Experimental  Verification 

In  this  section  the  results  of  a  series  of 
experiments  performed  to  verify  the  predictions  of 
the  previous  sections  are  described  and 
presented. 

6.1  Setup 

In  testing  the  theoretical  derivations  given 
above,  a  piezoelectric  stack  active  member 
produced  by  Physik  Instrumente  was  used.  The 
basic  parameters  needed  to  describe  the  stack, 
pre-stress  spring  and  output  rod  behavior  in  terms 
of  the  transduction  equation  parameters  are  given 
in  Table.  6.1.  These  parameters  were  either 
provided  by  the  manufacturer  or  determined  from 
the  measurements.  The  required  damping  of  the 
pre-stress  spring  can  be  determined  from  the 
given  data  by  using  the  fact  that  c=  and 

=  4Um. 

The  active  member  was  integrated  in  a  truss 
structure  representative  of  a  small  spacecraft  with 
deployed  solar  array.  This  test  structure  is  shown 
in  Fig.  6.1  in  a  passive  state  with  the  location  of 
integration  and  the  node  reference  systems 
indicated.  One  can  also  see  that  the  test  structure 
was  secured  so  that  it  was  effectively  cantilevered. 
Such  a  boundary  condition  was  beneficial  for  initial 
testing  as  it  forced  several  main  structure  bending 
modes  down  out  of  the  high  modal  density  region 
that  exists  above  300  Hz.  Additionally  it  eliminated 
potential  confusion  between  rigid  body  modes 


Table  6.1 

PZT  stack  active  member  parameters 


Svmbol 

Definition 

Value 

t 

layer  thickness 

500e-6  m 

n, 

number  of  layers 

184 

ar 

cross  sectional  area 

78.54e-6  m''2 

P 

density 

7800  kg/m'^3 

YE 

Youngs  modulus 

36e9  Pascals 

V. 

mechanical  loss 

0.0083 

e" 

electrical  permitivity 

1 .947e-8 

V. 

electrical  loss 

0.015 

d 

piezoelectric  constant 

3.65-14  mN 

Spring 

k 

stiffness 

9.66e6  N/m 

m 

mass 

7.3e-3  kg 

c 

damping 

0.03 

Output 

Rod 

Youngs  modulus 

190e9  Pa 

Pr 

density 

7689  kg/m^3 

cross  sectional  area 

5.02e-6  m'^2 

K 

length 

22.0e-3  m 

7 

^Madj 

adjustment  factor 

0.44 

and  the  solar  array  dynamics.  The  test  structure 
itself  consists  of  anodized  aluminum  longerons, 
battens  and  diagonals  attached  between  node 
balls.  These  node  balls  are  arranged  in  a  cube 
pattern  and  there  is  10"  along  the  edge  of  the 
cube  between  nodes.  The  joints  were  designed 
so  that  individual  members  could  easily  be 
removed  and  rearranged. 

6.2  Host  Structure  Boundaries 

All  the  derivations  presented  earlier  depend 
on  accurate  knowledge  of  the  host  structure 
boundary  conditions.  In  this  section  the  method 
used  to  measure  the  required  direct  and  cross 
mobilities  are  described. 

As  shown  in  Fig.  6.2  a  shaker  was  suspended 
so  that  it  acted  along  the  same  axis  that  the  active 
member  would  use  when  integrated  in  the 
structure.  The  shaker  was  excited  by  a  1  V  ac,  0  to 
600  Hz  shaped  random  signal  provided  by  the 
WCA  built  in  signal  generator.  This  signal  was 
routed  through  a  Trek  amplifier  before  being 
delivered  to  the  shaker.  The  exact  force  input  of 
the  shaker  through  its  attachment  stinger  and  the 
resulting  host  structure  acceleration  was  measured 
by  a  PCP  impedance  head.  Response  at  the  cross 
point  was  measured  with  a  PCP  336  Flexcel 


Fig,  6.1  Host  structure  in  its  passive  state  showing  the  desired  active  member 
Integration  point,  node  reference  notation  and  the  cantilevered  boundary  condition. 


accelerometer.  The  data  was  collected  from  0  to 
500  Hz  with  a  1024  divisions  per  sample  as 
modified  by  a  Hanning  window  using  a  WCA  Zonix 
AND  measurement  system  running  off  of  a  Quadra 
950  platform.  150  linear  averages  were  taken  for 
each  measurement.  The  set  up  was  then  reversed 
to  measure  the  response  in  to  excitation  at  the 
panel  location 

The  generated  frequency  response 
functions(FRFs)  were  then  integrated  in  the 
frequency  domain  to  yield  the  desired  mobility 
functions  from  the  measured  acceleration  over 
force.  A  total  of  four  FRFs  were  measured 
corresponding  to  the  direct  mobilities  at  and  the 
cross  mobilities. 

In  Fig.  6.3  one  can  see  the  magnitude  of  the 
measured  mobilities.  The  most  important  fact  is 
that  the  two  cross  mobilities  (dotted  lines)  are  very 
similar  below  300  Hz  thus  giving  confidence  that 
the  structure  does  indeed  behave  linearly  below 
the  region  of  high  modal  density.  In  the  individual 
mobilities  one  sees  a  strong  resonance  near  180 
Hz.  This  corresponds  to  one  of  the  global  bending 
modes  of  the  main  structure.  The  effect  of  this 
mode  is  especially  strong  in  the  direct  mobility 
measured  at  the  base  point.  Similarly,  the  effects 
of  several  solar  array  modes  are  seen  mainly  in  the 
measurement  of  the  direct  mobility  at  the  panel 
DOint. 


While  not  shown,  the  coherence  of  the  measured 
FRFs  was  especially  good  for  the  point  mobilities 
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Fig.  6.2  Experimental  set  up  for 
measuring  the  direct  and  cross  mobilities 
necessary  to  predict  ZeqHS 


Fig.  6.3  Magnitude  of  the  measured 
direct  and  cross  mobilities  at  the  desired 
integration  point. 


and  acceptable  for  transfer  mobility  measurements 
being  above  0.8  above  50  Hz.  Below  that 
frequency  noise  from  the  sensors  and  laboratory 
environment  corrupted  the  results, 

6.3  Admittance  Signature 

Shown  in  Fig.  6.4  is  the  experimental  set  up 
for  measuring  the  electrical  admittance  of  the 
integrated  actuator.  In  this  test,  the  actuator  was 
integrated  into  the  desired'  location  and  a  HP 
4194a  impedance  gain  analyzer  was  used  to 
measure  the  current  required  to  maintain  a  1  Volt 
rms  signal.  Results  are  not  presented  for  below 
100  Hz  as  the  impedance  analyzer  cuts  off  at  that 
frequency. 

Figure  6.5  shows  the  results  of  this  test  as  well 
as  the  theoretical  predictions  prepared  using  Eq. 
(3.3)  where  the  direct  mobility  of  the  base  point 
(Mbb)  has  been  inversed  to  provide  the  host 
structure  impedance.  The  panel  mobility  was 
neglected  as  it  mostly  contains  information  about 
the  solar  array  dynamics  which  occur  at 
frequencies  below  the  100  Hz  cut  off.  As  one  can 
see,  the  agreement,  while  not  perfect,  is  good  in 
regards  to  the  magnitude  and  frequency  of  the 
predicted  coupling. 

There  are  many  possible  sources  for  the 
discrepancies.  First,  when  the  actuator  is  instailed 
it  is  possibie  that  it  adds  some  extra  stiffness  to  the 
overall  structure  and  removes  some  slack  that 
could  have  caused  damping.  This  is  especially 
true  about  the  attachment  shaft  which  could  not  be 
tightly  secured  in  the  tests  for  the  mobilities. 
Additionaliy,  some  discrepancies  might  be  driven 
by  unmeasured  structural  dynamics  that  the 
coupled  impedance  measurement  is  sensitive  to. 

6.4  Mechanical  Force  Response 

The  final  test  of  the  developed  theory  was  its 
ability  to  predict  the  force  output  of  an  integrated 


Fig.  6.4  Experimental  set  up  for 
measuring  the  electrical  impedance  of 
the  integrated  active  member 


Fig.  6.5  A  comparison  of  the 
experimental  and  theoretical  electrical 
impedance  signature  for  the  active 
member  integrated  in  the  host  structure 

stack  actuator.  Figure  6.6  shows  the  experimentai 
set  up  used.  In  order  to  generate  a  measurable 
force,  it  was  necessary  to  operate  the  actuator  at 
high  voltages.  This  was  achieved  by  supplying  a 
negative  DC  bias  from  a  HP  6200B  DC  power 
source  and  a  shaped  random  noise  signal  from  0  to 
600  Hz  from  the  internal  WCA  signal  generator. 
These  signals  were  combined  with  a  power 
transformer  and  then  sent  to  a  TREK  50/750 
power  amplifier. 


After  the  amplification  stage  the  resulting  -250 
V  DC  bias  combined  with  a  narrow  band  ±100  V 
p2p  noise  was  applied  to  the  integrated  actuator. 
The  WCA  signal  analysis  program  was  used  to 
measure  the  resulting  force  and  applied  voltage 
levels  (after  it  was  stepped  down  with  a  10* 
reduction  cable).  Two  hundred  and  fifty  samples 
were  linear  averaged  from  0  to  500  Hz  with  a  frame 
size  of  1024  (I  Hz  resolution  and  1  second  sample 
time)  as  modified  by  a  Hanning  window. 

The  resulting  frequency  response  of  output 
force  over  the  voltage  is  shown  in  Fig.  6.7  along 
with  the  theoretical  predictions  generated  using 
Eq.  (4.4)  with  Eq.  (4.6)  substituted  in  place  of  the 
current.  The  required  Zef,  Phi  and  Zms  were 
calculated  using  the  active  member  parameters  of 
Table  6.1  in  Eqn.'s  (3.3),  (3.10)  and  (3.11) 
respectively.  ZeqHS  was  calculated,  as  in  the 
previous  section,  using  solely  the  inverse  of  the 
measured  base  mobility. 

As  can  be  seen  the  results  agree  in  regards  to 
the  general  trends  but  lack  a  precise  fit.  Closer 
inspection  reveals  that  the  theoretical  predictions 
appear  to  be  frequency  shifted  from  the 
experimental  results  in  most  cases.  As  for  the 
impedance  signature,  one  possible  explanation  for 
this  is  that  the  equivalent  host  structure 
impedance  was  measured  without  the  pre-stress  in 
the  attachment  shaft  that  comes  from  incorporating 
the  active  member  in  the  truss  structure.  Thus  the 
attachment  shaft  had  less  stiffness  when  the 
mobilities  were  measured  as  compared  to  when 
the  integrated  force  was  measured. 

7.0  Summary 

In  this  paper  a  generic  formulation  to  predict 
the  dynamic  output  of  piezoelectric  stack  active 
members  integrated  within  structures  is  derived 
and  experimentally  verified  for  a  PZT  active 
member.  This  was  accomplished  through 
transduction  equation  approach.  The  important 
feature  of  these  equations  is  that  they,  in  a  simple 
way,  allow  the  inclusion  of  the  effects  of  integrating 
the  active  member  within  structures.  As  shown 
experimentally  with  the  PZT  stack  active  member, 
knowledge  of  the  host  structure  boundary 
conditions  can  be  used  to  predict  the  admittance 
signature.  Additionally,  as  also  shown  with  the 
PZT  active  member,  the  free  electrical  impedance, 
(Zef)  along  with  Phi,  and  Zms  can  be  used  to 
predict  the  force  output  of  the  stack  actuator.  As 
long  as  the  boundary  conditions  seen  by  the 
active  element  are  only  at  two  ends,  this  method 
can  be  extended  to  actuators  within  any  piece  of 
complicated  machinery  or  structures. 

With  theoretical  predictions  of  the  force  and 
velocity  output  available  it  is  possible  to  perform 


detailed  design  studies  prior  to  prototyping  or 
production.  These  results  also  allow  coupled 
optimization  of  the  structural  control  output 
authority  especially  with  regards  to  output 
saturation  and  non-constant  force  output  ys. 
frequency.  With  this  knowledge,  better  simulation 
of  the  response  of  the  host  structure 
control  is  possible.  Finally,  as  discussed  in  Flint,  et 
al.  (1994a  and  1995),  the  methods  presented 
here  on  how  to  account  for  the  structural  coupling 
between  the  host  structure  and  the  electrical 
admittance  signature  can  be  used  to  predict 
resonances  in  the  power  supply  systern  needs 
and  self  induced  temperature  rise  due  to  dynamic 
operation. 
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9.0  Nomem^amre 

D  electric  displacement 

E  applied  electric  field 

F  actuator  force  output 

Fq  force  output  at  base 

Fp  force  output  at  panel 

/,  current,  rms  voltage 

actuator  static  stiffness 
M  mobility 

Mpp  direct  mobility  at  base 

Mpp  direct  mobility  at  panel 

Mpp  cross  mobility  at  base  excited  at  panel 

Mpp  cross  mobility  at  panel  excited  at  base 

V ,  voltage,  rms  voltage 

Y  admittance  (electrical) 

Y  Youngs  modulus  for  a  constant  electric  field 
complex 

y^  output  rod  Youngs  modulus 

^eqHS  equivalent  host  structure  impedance 

mechanical  impedance  external  to  stack 
free  electrical  impedance 
host  structure  point  impedance 
Z^  short  circuited  mechanical  impedance 
mechanical  impedance 
’^Madj  transmission  line  adjustment  factor 
Z^^  output  rod  static  impedance 

Z^j  ,Z^2  parallel  mechanical  impedance  components 
^rod  mechanical  impedance  of  output  rod 

serial  mechanical  impedance  components 
mechanlcal  impedance  of  pre-stress  spring 
Zj  stack  stiffness 

a  active  material  cross  sectional  area 


output  rod  cross  sectional  area 
c  damping  of  mass-spring-damper 

d  piezoelectric  constant 

i  imaginary, 

output  rod  wave  value 
material  wave  value 

k  stiffness  of  mass-spring-damper 

output  rod  length 

m  mass  of  mass-spring -damper 

^frad  mass-spring-damper  natural  frequency  (in  rad.) 

t  wafer  thickness 

V  rms  voltage  amplitude 

Wp  velocity  at  the  base  attachment  point 

Wp  velocity  at  the  panel  attachment  point 

r 

e  permitivity  at  constant  stress 

£*J  complex  permitivity  at  constant  stress 

7]^  capacitive  electrical  loss 

rii  number  of  active  layers  in  a  stack 

7]^  actuator  mechanical  loss  factor 

(j)  transduction  coefficient 

p  active  material  density 

p^  output  rod  density 

Q)  frequency  in  rad/sec 

damping 
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